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Abstract:  Microarray  analysis  of  gene  expression  at  the  level  of  RNA  has  generated  new  insights  into  the 
relationship  between  cellular  responses  to  acute  heat  shock  in  vitro,  exercise,  and  exertional  heat  illness. 
Here  we  discuss  the  systemic  physiology  of  exertional  hyperthermia  and  exertional  heat  illness,  and  com¬ 
pare  the  results  of  several  recent  microarray  studies  performed  in  vitro  on  human  cells  subjected  to  heat 
shock  and  in  vivo  on  samples  obtained  from  subjects  performing  exercise  or  suffering  from  exertional  heat 
injury.  From  these  comparisons,  a  concept  of  overlapping  component  responses  emerges.  Namely,  some  of 
the  gene  expression  changes  observed  in  peripheral  blood  mononuclear  cells  during  exertional  heat  injury 
can  be  accounted  for  by  normal  cellular  rcspon.scs  to  heat,  exercise,  or  both;  others  appear  to  be  specific  to 
the  disease  state  itself.  If  confirmed  in  future  studies,  these  component  responses  might  provide  a  better 
undenstanding  of  adaptive  and  pathological  responses  to  exercise  and  exercise-induced  hyperthermia,  help 
find  new  ways  of  identifying  individuals  at  risk  for  exertional  heat  illness,  and  perhaps  even  help  find 
rational  molecular  targets  for  therapeutic  intervention. 

Keywords:  gene  expression;  exercise;  heat  injury;  heat  stroke;  genomics;  microarrays;  peripheral  blood 
mononuclear  cells;  heat  shock  proteins;  cellular  stress  response 


Introduction 

Humans  respond  to  environmental  challenges  at 
many  levels,  including  behavioral,  systemic,  cellu¬ 
lar,  and  molecular.  Improvements  in  our  ability  to 
identify  molecular  alterations  have  led  to  new 
mechanistic  insights  into  the  effects  of  heat  and 
cold  on  cellular  and  systemic  function.  For  exam¬ 
ple,  it  has  long  been  known  that  hyperthermia  can 
produce  changes  in  cellular  gene  expression,  both 
in  vwo  and  in  vitro,  and  that  some  of  these  changes, 

’Corresponding  author.  Tel.:  +1  (410)  .328-8141;  Rax:  +1 
(410)  328-8087;  E-mail:  larry_sonna(a‘yahoo.com 


such  as  increased  expression  of  heal  shock  proteins 
(HSPs),  are  related  to  beneficial  rc.sponscs  such  as 
the  development  of  thermotolerance  (Lindquist, 
1986;  Parsed  and  Lindquist,  199.3).  More  recent 
findings,  including  studies  of  gene  expression  on  a 
large  .scale  using  microarrays,  demonstrate  that  the 
gene  expression  response  of  human  cells  to  thermal 
stress  also  includes  many  genes  that  are  not  tra¬ 
ditionally  designated  as  HSPs  but  that  are  none¬ 
theless  involved  in  functional  pathways  likely  to  be 
of  physiological  importance  (Dinh  et  al.  2001; 
Sonna  et  al.,  2002a,  b). 

It  has  been  recognized  that  gene  expression 
responses  can  readily  be  identified  in  human 
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peripheral  blood  mononuclear  cells  (PBMCs). 
both  in  vitro  (c.g.,  Sonna  et  al.,  2()()2b)  and  in  vivo 
(e.g.,  Sonna  et  al.,  2004).  This  clinically  accessible 
human  cell  type  exhibits  many  of  the  responses  to 
thermal  stress  that  occur  in  other  cell  types  tradi¬ 
tionally  used  to  investigate  the  effects  of  heat 
shock.  As  will  be  discussed  in  this  chapter,  it  is 
increasingly  evident  that  there  are  important 
differences  in  the  PBMC  gene  expression  responses 
that  occur  in  re.sponse  to  normal  physiological 
stresses,  such  as  physical  exercise,  and  those  that 
occur  during  pathophysiological  states,  such  as 
exertional  heal  illness.  These  differences  have  the 
potential  to  provide  novel  insights  into  the  mole¬ 
cular  mechanisms  of  exertional  heat  illnesses  and 
are  starting  to  implicate  pathways  not  formerly 
associated  with  these  diseases.  We  believe  that  a 
better  understanding  of  how  these  pathways  in¬ 
teract  with  those  already  known  to  be  associated 
with  both  normal  and  pathophysiological  re¬ 
sponses  to  heat  will  provide  the  conceptual  basis 
for  the  next  generation  of  advances  in  the  diagno¬ 
sis  and  treatment  of  exertional  heat  illness. 

This  chapter  will  review  recent  insights  gained 
from  the  application  of  microarray  technologies  to 
the  study  of  gene  expression  responses  to  heat 
shock  in  vitro,  and  both  exercise  and  exertional 
heat  illness  in  vivo.  We  will  briefly  discuss  the  sys¬ 
temic  physiology  of  exertional  hyperthermia  and 
exertional  heat  illness;  review  insights  gained  from 
in  vitro  models  of  human  heat  stress;  and  finally, 
compare  the  results  of  microarray  studies  of  hu¬ 
man  responses  to  acute  physical  exercise  and  ex¬ 
ertional  heat  injury. 


Physiology  of  exertional  hyperthermia  and 
exertional  heat  illness 

Physical  exercise  involves  skeletal  muscle  contrac¬ 
tion,  which  causes  metabolic  heat  production  that 
must  be  dissipated  into  the  surrounding  environ¬ 
ment  (Sawka  et  al.,  1996;  Sawka  and  Pandolf, 
2001).  During  exercise,  core  temperature  rises  as  a 
result  of  difl'erences  between  metabolic  heat  pro¬ 
duction  and  heat  dissipation.  In  humans,  most 
heat  dissipation  occurs  via  transfer  of  heat  to  the 
surface  through  increases  in  skin  blood  flow  and 
then  heat  loss  by  convection  and  sweat  evapora¬ 
tion.  If  heat  production  exceeds  heat  dissipation, 
core  temperature  rises  until  dissipation  matches 
production  and  a  new  steady  state  is  achieved. 

Compensable  vs.  uncompensahle  heat  stress 

Heat  stress  is  said  to  be  compensable  when  the 
mechanisms  that  dissipate  heat  are  able  to  increase 
enough  to  quantitatively  match  those  which  pro¬ 
duce  it,  resulting  in  an  elevated  steady-state  core 
temperature  (Table  1).  Heat  loads  that  exceed  the 
capacity  of  heat  dissipation  mechanisms  are  said 
to  be  uncompensahle  and  lead  to  progressive  ele¬ 
vations  of  core  temperature  until  the  point  of  ex¬ 
haustion  is  reached.  It  is  important  to  note  that  the 
terms  “compensable”  and  “uncompensable”  refer 
to  the  core  temperature  response  to  a  heat  load;  as 
will  be  discussed  later,  both  compensable  and 
uncompensable  heat  stress  are  capable  of  produc¬ 
ing  heat  illnesses. 


Table  I .  Compensable  vs.  uncompensable  heat  stress 


Compensable  heat  stress 

Uncompensable  heat  stress 

Definition 

Meat  losses  match  heat  production 

Heat  production  exceeds  heat  losses 

Example 

Well-acclimatized  and  well-hydrated 

Individual  in  heavy  industrial  protective 

individual  exercising  in  light  clothing  in 

clothing,  doing  heavy  work  in  a  hot 

hot  weather 

environment 

Core  temperature 

Rises  to  a  steady-state  that  is  proportional 

Continues  to  rise  until  exhaustion 

to  exercise  intensity 

Sustained  core  temperatures  of  >  40  C  arc 

Exhaustion  often  occurs  at  core 

possible 

temperatures  <39  C 

Common  excrci.se- 

Hydration 

Diversion  of  cardiac  output  to  skin 

limiting  factor(s) 

Fitness 

Energy  depletion 
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The  outcome  of  a  heat  stress  depends  on  the 
magnitude  of  the  heat  load  applied,  the  organism’s 
ability  to  dissipate  heat,  and  the  individual’s  ca- 
paeity  to  function  at  a  higher  body  temperature. 
The  environmental  conditions  that  produce  the 
two  types  of  heat  stress  differ  in  important  ways, 
as  do  the  physiological  and  pathophysiological 
consequences  thereof.  During  compensable  heat 
stress,  the  biophysics  of  heat  exchange  permits 
sufficient  surface  heat  loss  by  evaporative,  con¬ 
ductive,  and  radiant  loss  mechanisms  to  maintain 
a  steady-state  elevation  in  core  temperature.  A 
typical  example  of  this  is  a  physically  fit,  well- 
acclimatized  individual  who  is  wearing  light 
clothing  and  who  is  exercising  under  conditions 
of  moderate  heat  but  low  humidity.  Under  these 
conditions,  the  core  temperature  achieved  is  roughly 
proportional  to  the  exercise  intensity.  Core  tem¬ 
peratures  that  are  substantially  above  normal 
can  be  achieved  and  sustained  for  relatively  long 
durations,  until  factors  such  as  dehydration  and 
energy  depiction  make  further  exertion  impossible. 
For  well-acclimatized,  fit  individuals  subjected  to 
compensable  heat  stress,  function  can  be  sustained 
even  with  core  temperatures  of  >40‘’C. 

By  contrast,  during  uncompensable  heat  stress, 
the  biophysics  of  heat  exchange  docs  not  allow 
adequate  heat  dissipation  and  core  temperature 
continually  rises  during  the  period  of  exposure.  An 
example  of  a  setting  in  which  uncompensable  heat 
stress  occurs  is  intense  exercise  under  hot  and  hu¬ 
mid  conditions  by  an  individual  who  is  wearing 
heavy  protective  clothing.  Under  these  conditions, 
skin  temperature  typically  rises  very  quickly  due  to 
inadequate  evaporative  cooling,  which  in  turn 
produces  a  high  cutaneous  blood  flow  at  the  ex¬ 
pense  of  flow  to  other  tissues.  This  in  turn  leads  to 
diversion  of  blood  flow  from  viscera  and  is  clin¬ 
ically  manifest  as  exhaustion  and  collapse  that  of¬ 
ten  occurs  before  the  high  core  temperatures  that 
are  typical  of  compensable  heat  stress  have  been 
reached.  For  individuals  exposed  to  uncompensa¬ 
ble  heat  stress,  core  temperatures  <39°C  at  the 
time  of  exhaustion  or  collapse  can  be  common. 

Physiological  consequences  of  heat  dissipation 
responses  under  both  compensable  and  uncom¬ 
pensable  conditions  include  ongoing  loss  of  body 
water  in  the  form  of  sweat  and  diversion  of  blood 


flow  from  viscera  to  active  muscles  and  skin  (Saw- 
ka  et  al.,  19%;  Sawka  and  Pandolf,  2001).  This 
combination  of  reduction  in  circulating  blood  vol¬ 
ume  and  redistribution  of  blood  flow  away  from 
vital  organs  can  have  important  secondary  conse¬ 
quences.  For  example,  ischemia  of  the  splanchnic 
circulation  may  compromise  intestinal  mucosal  in¬ 
tegrity.  allowing  translocation  of  bacteria  and 
their  immuno-stimulatory  products,  endotoxemia, 
activation  of  innate  immune  systems,  and  the  pro¬ 
duction  of  oxidativc-nitrosative  intermediates  that 
can  cause  tissue  damage.  In  addition  to  these  per¬ 
fusion-mediated  problems,  excessively  high  tissue 
temperatures  (  >4rC,  105. 8°F)  can  produce  tissue 
injury  directly  when  protective  cellular  mecha¬ 
nisms  fail.  There  is  considerable  variation  in  the 
extent  to  which  individuals  can  endure  these  con¬ 
sequences,  and  this  physiological  reserve  can  be 
affected  by  a  number  of  identifiable  factors  such 
as  degree  of  hydration,  heat  acclimatization,  and 
aerobic  fitness.  Less  is  known  about  the  cellular 
mechanisms  that  account  for  this  variability  in 
sensitivity  or  threshold  at  which  exhaustion 
occurs.  However,  even  in  low-risk  individuals, 
the  physiological  demands  generated  by  the  need 
for  increased  heat  dissipation  cannot  be  endured 
indefinitely.  Coupled  with  elevated  core  tempera¬ 
ture,  they  lead  to  circulatory  insufficiency,  cellular 
dysfunction,  and  organ  injury. 

The  exertional  heat  illnesses:  heat  exhaustion, 
exertional  heat  injury,  and  exertional  heat  stroke 

Compensable  or  not,  any  heat  stress  that  continues 
beyond  the  individual’s  physiological  limits  of 
tolerance  can  produce  illness  within  a  spectrum 
of  clinically  related,  overlapping  syndromes:  heat 
exhaustion  (HE),  exertional  heal  injury  (EHl),  and 
exertional  heat  stroke  (EHS)  (Gardner  and  Kark, 
2001).  Collectively  these  can  be  referred  to  as 
“exertional  heat  illnesses”.  Although  there  are  no 
universally  accepted  definitions  of  these  condi¬ 
tions,  HE  is  typically  defined  as  simple  inability  to 
continue  exercise  in  the  context  of  hyperthermia. 
EHl  is  characterized  by  evidence  of  end-organ  in¬ 
jury  such  as  elevations  in  scrum  liver  enzymes  but 
without  neurological  impairment  beyond  transient 


324 


Tabic  2.  Examples  of  risk  factors  for  heal  illness 


Protective  against  heal  illness 

Increased  risk  of  heal  illness 

Low  adiposity 

High  adiposity 

High  cardiovascular  fitness 

Low  cardiovascuhir  fitness 

Adequate  hydration 

Dehydration 

Prior  heal  acclimatization 

Lack  of  prior  heat  acclimatization 

Impaired  perspiration 

Antecedent  febrile  illne.ss 

Previous  history  of  heat  illness 

Prior-day  prodromal  illness  or  substantial  heat  load 

Low-intensity  exercise 

High-intensity  exercise 

Low  ambient  temperature  and  humidity 

High  ambient  temperature  and  humidity 

Clothing  with  low  insulating  capacity 

Highly  insulating  or  water-impermeable  clothing 

confusion.  EHS  involves  significant  neurological 
signs  and  symptoms,  such  as  persistent  confusion, 
delirium,  or  coma.  These  three  conditions  arc  bc.st 
thought  of  as  a  continuum  rather  than  separate 
disease  proces.scs,  and  it  is  not  unusual  for  indi¬ 
viduals  with  heat  stroke  to  exhibit  evidence  of 
other  organ  injury  or  dysfunction. 

The  onset,  type,  and  severity  of  heat  illne.ss  are 
all  influenced  by  a  number  of  contributing  factors. 
Common  recognized  clinical  risk  factors  for  the 
development  of  exertional  heat  illnesses  are  listed 
in  Table  2.  As  noted,  both  compensable  and 
uncompcnsable  heat  stress  can  produce  exertional 
heat  illness.  In  general  terms,'  compensable  heat 
stress,  which  tends  to  produce  marked  and  pro¬ 
longed  elevations  of  core  temperature,  is  more 
likely  to  cause  severe  EH  I  and  heat  stroke  than  is 
uncompcnsable  heat  stress.  By  contrast,  uncom- 
pensablc  heat  stress  is  more  commonly  associated 
with  HE  and  less  severe  EHI. 

Historically,  exertional  heal  illnc.s.se.s  were 
thought  to  occur  predominantly  in  high  risk  per¬ 
sons  such  as  those  of  low  physical  fitness,  high 
body  fat,  unacclimatizcd  to  heat,  or  dehydrated 
(Shibolet  et  al.,  1976;  Epstein  et  al.,  1999).  It  is 
now  increasingly  appreciated  that  exertional  heal 
illnesses  also  occur  in  fit  individuals  and  at  lower 
exertional  levels  and  heat  loads  than  were  previ¬ 
ously  considered  a  risk  for  exertional  heat  illness. 


‘This  assumes  that  all  other  faetors  are  comparable  and  that 
the  individual’s  rise  in  core  temperature  is  halted  promptly  on 
collapse  (c.g..  by  moving  to  temperate  conditions  and  achieving 
adequate  heat  dissipation). 


For  example,  several  studies  have  reported  that 
many  cases  of  exertional  heat  illness  occur  under 
relatively  temperate  conditions  (Kark  et  al.,  1996; 
Epstein  et  al.,  1999;  Gardner  and  Kark,  2001). 
Furthermore,  the  duration  of  exercise  that  precipi¬ 
tates  decompensation  need  not  be  prolonged 
(<lh  in  43%  of  cases  in  one  series  (Ep.stein 
et  al.,  1999)). 

There  has  been  speculation  in  the  literature  that 
for  some  heat  injury/stroke  victims,  a  previous  heat 
injury  or  illness  might  augment  the  hyperthermia  of 
exercise,  thus  inducing  heat  illness  under  environ¬ 
mental  conditions  that  would  normally  be  tolerated 
(Montain  et  al.,  2000).  For  others,  antecedent  viral 
infection  or  febrile  illness  might  limit  the  ability  of 
cells  or  tissues  to  adapt  to  heat  stress  and  thus 
make  them  more  susceptible  to  injury  (Hasday  and 
Singh,  2000;  Sonna  et  al.,  2004).  As  many  as 
16  18%  of  individuals  who  develop  exertional  heat 
illness  also  report  having  suffered  from  a  non¬ 
specific  prodromal  illness  in  the  days  leading  up  to 
the  acute  decompensation  (Shibolet  et  al.,  1967; 
Epstein  et  al.,  1999).  Prior-day  exposure  to  heat 
stress  has  also  been  identified  as  a  risk  factor  for 
development  of  exertional  heat  illness  (Kark  et  al.. 
1996).  Regardless,  the  incidence  of  exertional  heat 
illness  among  individuals  otherwise  thought  to  be 
at  low  risk  suggests  the  possibility  that  there  may 
he  additional,  as  of  yet  unidentified,  risk  factors  for 
the  development  of  exertional  heat  illness. 

In  summary,  the  risk  of  exertional  heat  illness 
is  influenced  by  the  magnitude  and  duration  of 
hyperthermia  (which  in  turn  is  determined  by  the 
balance  between  heat  load,  and  dissipative 
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capacity),  and  by  the  ability  of  cells,  tissues,  and 
organ  systems  to  function  at  increased  temperature. 
Risk  factors  for  the  development  of  exertional  heat 
illness  can  be  gleaned  from  epidemiological  studies; 
some  of  these  likely  exert  effects  systemically  (such 
as  the  insulating  elTects  of  high  body  fat  and  the 
limiting  elTccts  of  dehydration  on  cardiac  output). 
Others,  such  as  antecedent  illness,  seem  likely  to 
affect  the  ability  of  cells,  tissues,  and  organs  to  resist 
injury  and  continue  functioning  at  high  tempera¬ 
ture.  Thus,  a  comprehensive  understanding  of  phys¬ 
iological  and  pathophysiological  responses  to  heat 
must  combine  knowledge  of  systemic,  organ,  and 
tissue  responses,  with  insights  into  the  heat-related 
pathways  that  govern  cell  function. 


Cellular  responses  to  heat 

Exposure  to  heat  exerts  direct  effects  on  the  con¬ 
stituent  molecules  that  comprise  cells.  It  also 


triggers  cellular  respon.ses  designed  to  cope  with 
those  effects,  restore  homeostasis,  and  render  the 
cell  tolerant  to  subsequent  heat  stress.  These  cel¬ 
lular  responses,  referred  to  collectively  as  “heal 
shock  responses”,  are  ubiquitous  and  highly  con¬ 
served  in  eukaryotes  (Lindquist,  1986;  Parsell  and 
Lindquist,  1993;  Katschinski,  2004). 

The  effects  of  heat  on  cells  include  (Fig.  1): 
denaturation  and  misaggregation  of  proteins 
(Lindquist,  1986);  activation  of  transcription  fac¬ 
tors  such  as  heat  shock  factor  1  (HSFI)  (Mori- 
moto,  1998)  that  can  lead  to  increased  expression 
of  stress  proteins;  an  otherwise  generalized  dis¬ 
ruption  of  transcription  (Lindquhst.  1986),  RNA 
processing  (Lindquist,  1986;  Bond,  1988;  Yost  and 
Lindquist,  1991),  and  translation  (Panniers,  1994); 
acceleration  of  enzymatic  reactions  (per  the 
Arrhenius  equation);  changes  in  the  activities  of 
many  signal  phosphatases  and  kinases  (Dubois  and 
Bensaude,  1993;  Han  et  al.,  2000,  2001;  Obata 
et  al.,  2000;  Dorion  and  Landry,  2002);  increased 


Fig.  1 .  Cellular  cITccts  of  acute  heat  shock.  These  include  effects  on  ( I )  transcription,  (2)  RNA  processing,  (3)  translation,  (4)  protein 
conformation,  (5)  protein  degradation,  (6)  cytoskeletal  organization,  (7)  activities  of  signal  transduction  proteins,  including  stress 
kinases,  (8)  metabolism  and  biosynthesis,  sometimes  resulting  in  decreased  cellular  ATP,  (9)  cellular  distribution  and  activities  of 
critical  proteins,  such  as  transcription  factor  HSF'-I,  and  (10)  changes  in  membrane  permeability  leading  to  changes  in  intracellular  ion 
concentrations. 
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protein  degradation  via  the  prolcasomal  and  lyso¬ 
somal  pathways  (Parag  et  al.,  1987;  Xu  et  al., 
1997;  Mathew  and  Morimoto,  1998);  cell-cycle  ar¬ 
rest  (Helmbrecht  et  al.,  2000;  Kuhl  and  Rensing, 
2000);  and  activation  of  pro-  or  anti-apoptotic 
pathways  (Punyiezki  and  Fesus,  1998;  Creagh 
ct  al.,  2000;  Beere,  2004).  Heat  can  also  alter  mem¬ 
brane  permeability  (Weitzel  et  al.,  1987;  GalTm 
et  al.,  1997;  Skrandies  et  al.,  1997;  Koratich  and 
Gaffin,  1999)  to  produce  increases  in  intracellular 
sodium,  hydrogen  ion,  and  calcium  concentra¬ 
tions,  disrupt  cytoskelctal  components  (Han  ct  al., 
2000;  Dorion  and  Landry,  2002),  and  decrease 
intracellular  .stores  of  ATP  (Findly  et  al.,  1983; 
Weitzel  ct  al,  1987). 

As  will  be  discussed  in  detail,  the  cellular  re¬ 
sponse  to  acute  heat  stress  itself  appears  to  com¬ 
prise  at  least  three  components.  The  first  involves 
changes  in  the  functional  activities  of  previously 
translated  proteins.  These  include  activation  of 
constitutivcly  expressed  tran.scription  factors  such 
as  HSFl  (Morimoto,  1998),  and  of  components  of 
stress-  and  mitogen-activated  protein  kinase  path¬ 
ways  (Dubois  and  Bensaude,  1993).  The  second 
component  involves  altered  expression  levels  of 
proteins  that  comprise  an  acute  homeostatic  re¬ 
sponse.  Two  of  the  best-characterized  protein 
families  in  this  group  are  the  HSPs,  many  of 
which  re-fold  denatured  proteins  (Lindquist, 
1986),  and  the  ubiquitins,  which  are  ligated  to 
proteins  that  cannot  be  re-folded,  thus  targeting 
them  for  degradation  via  the  proteasome  system 
(Parsell  and  Lindquist,  1993).  Proteins  involved  in 
redox  control  may  be  part  of  this  acute  homeo¬ 
static  rcspon.se.  The  early  gene  expression  re.sponsc 
to  heat  shock  also  appears  to  involve  changes  in 
expression  of  molecules  such  as  transcription  fac¬ 
tors  that  likely  influence  subsequent  gene  expres¬ 
sion  (Sonna  et  al,  2002a).  The  third  and  least 
understood  component  involves  changes  in  ex¬ 
pression  of  proteins  that  appear  to  be  involved  in 
restoring  cellular  function,  directing  cellular  re¬ 
modeling,  and  determining  cellular  fate  after  heat 
shock,  such  as  regulatory  proteins,  proteins  in¬ 
volved  in  cell-cycle  control,  structural  proteins, 
and  proteins  involved  in  pro-  and  anti-apoptotic 
pathways  (Sonna  et  al,  2002a,  b).  In  at  least  some 
cell  lines,  this  component  also  includes  a  number 


of  molecules  involved  in  cell  signaling  (Sonna 
ct  al,  2002a). 

At  the  cellular  level  the  ultimate  outcome  of 
given  heat  stress  appears  to  occur  in  gradations, 
with  survival  and  adaptation  occurring  if  conditions 
pcrniit  and  if  not,  apoptosis  in  preference  to  necrosis 
(Creagh  et  al,  2000;  Dorion  and  Uindry,  2002).  The 
factors  that  determine  cellular  fate  after  heal  shock 
are  still  an  active  area  of  investigation,  but  it  is  clear 
that  antecedent  history  is  one  of  the  major  determi¬ 
nants.  For  example,  cells  that  have  previously  been 
subjected  to  heal  shock  and  are  thus  expressing  high 
levels  of  HSPs  can  often  tolerate  subsequent  stresses 
would  be  lethal  to  unconditioned  cells  (Lindquist, 
1986;  Parsell  and  Lindquist,  1993).  In  contrast,  prior 
exposure  to  stimuli  such  as  LPS,  TNF-alpha,  inter¬ 
ferons,  or  cytokines  can  .sensitize  cells  to  heat  shock- 
induced  apoptosis  (Buchman  et  al,  1993;  Abello 
and  Buchman,  1994). 

We  propose  that  a  better  understanding  of  the 
balance  between  pathways  that  support  adapta¬ 
tion  and  survival  and  those  that  steer  cells  toward 
apoptosis  and/or  necrosis  is  critical  to  the  ad¬ 
vancement  of  our  knowledge  of  heat-related  ill¬ 
ness.  It  is  well  accepted  that  non-lclhal  thermal 
stress  activates  several  cellular  adaptation  path¬ 
ways,  which  in  turn  contribute  to  the  ability  of  the 
organism  to  withstand  subsequent  and  increas¬ 
ingly  severe  thermal  stresses  (Kregel,  2002).  We 
propose  that,  conversely,  individuals  who  are  pre¬ 
disposed  to  heat  related  illness  by  virtue  of  an  an¬ 
tecedent  episode  may  be  prone  to  failure  of 
adaptation  and  activation  of  apoptotic  and  cell 
death  pathways  at  heat  loads  that  would  ordinar¬ 
ily  be  tolerated.  If  this  hypothesis  is  confirmed, 
then  the  factors  that  influence  this  balance  may 
hold  the  key  to  successful  therapeutic  manipula¬ 
tion  that  will  increase  systemic  performance  during 
thermal  stress. 


Heat  shock  responses  in  vitro 

Experimentally,  the  best-characterized  response  to 
heat  shock  is  increased  expression  of  several  fam¬ 
ilies  of  HSPs  (Lindquist,  1986;  Parsell  and  Lind¬ 
quist,  1993;  Katschinski,  2(K)4).  In  models  involving 
tissue  culture  or  primary  isolates  of  cells,  a  very 
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strong  heat  shock  response  can  often  be  elicited  by 
exposing  cells  to  a  temperature  of  5°  to  6°C  above 
the  normal  culture  temperature  for  20  60  min,  fol¬ 
lowed  by  normothermic  recovery  for  varying  peri¬ 
ods  of  time.  While  changes  in  HSP  expression  are 
often  detectable  during  the  period  of  hyperthermia 
it.self,  the  maximal  expression  of  HSPs  commonly 
occurs  several  hours  into  the  normothermic  recov¬ 
ery  period  (c.g.,  Sonna  ct  al.,  2002a,  b).  Changes  in 
expression  have  also  been  reported  in  many  genes 
belonging  to  functional  categories  other  than  the 
‘classic’  HSPs  (Sonna  et  al..  2002a). 

One  of  the  most  important  mechanisms  whereby 
heat  shock  alters  gene  expression  involves  activa¬ 
tion  of  transcription  factors,  of  which  the  best 
characterized  is  HSFl  (Morimoto,  1998;  Pirkkala 
et  al.,  2001).  This  ubiquitous  transcription  factor  is 
expressed  constitutively  in  cytoplasmic  multipro- 
tcin  complexes  that  include  HSPs  and  co-chaper- 
ones.  When  denatured  protein  residues  accumulate 
in  the  cytoplasm  as  a  result  of  heat  or  other  pro¬ 
tein-denaturing  stresses,  the  HSFl  monomers  are 
released  and  appear  shortly  thereafter  in  the  nu¬ 
cleus  in  a  trimeric,  transcriptionally  active  form 
that  is  capable  of  inducing  transcription  of  HSPs 
and  other  heat  shock-responsive  genes  (Morimoto, 
1998).  Additionally,  some  HSPs  have  specialized 
features  that  permit  their  expression  under  hyper¬ 
thermic  conditions  that  globally  disrupt  gene  ex¬ 
pression.  For  example,  some  members  of  the  HSP 
70  family  lack  introns  (Lindquist,  1986)  and  there¬ 
fore  can  be  expressed  even  at  temperatures  that 
disrupt  RNA  splicing. 

Heat  shock  also  causes  changes  in  the  activities 
of  a  number  of  stress-activated  signal  transduction 
pathways.  These  include  mitogen-activated  protein 
kinases,  stress-activated  protein  kinases  such  as 
jun-N-tcrminal  kinases  (JNK),  p38,  and  extracel¬ 
lular  .signal-regulated  kinases  (ERK)  (Dubois 
and  Bensaude,  1993;  Han  et  al.,  2000,  2001;  Obata 
el  al.,  2()()();  Dorion  and  Landry,  2002).  These 
changes  modulate  cellular  responses  to  heat  stress 
and  may  influence  cell  fate  after  heat  shock  (i.c., 
survival  and  adaptation  vs.  apoptosis). 

HSPs  serve  a  variety  of  functional  roles.  Many 
HSPs  (best  typified  by  the  HSP  70  family  of  pro¬ 
teins)  are  chaperonins,  enzymes  whose  primary 
function  is  to  re-fold  denatured  proteins  into  a 


native  conformation  (Lindquist,  1986;  Georgopou- 
los  and  Welch,  1993).  Some,  like  members  of  the 
HSP  90  family,  are  also  involved  in  the  normal 
processing  of  regulatory  proteins  such  as  steroid 
receptors  (Georgopoulos  and  Welch,  1993).  Others 
are  involved  in  regulation  of  cellular  redox  state 
and  cellular  signaling  (HSP  32,  better  known  as 
heme  oxygenase- 1  (Otterbein  and  Choi,  2000)),  and 
still  others  are  involved  in  targeting  for  degradation 
of  proteins  (the  ubiquitins)  (Parsell  and  Lindquist. 
1993). 

As  noted,  the  heat  shock  response  also  involves 
genes  other  than  those  traditionally  designated  as 
HSPs  (Sonna  et  al.,  2002a).  These  include  compo¬ 
nents  of  transcription  factors  (such  as  jun)  that 
may  produce  downstream  changes  in  gene  expres- 
.sion.  They  also  include  several  genes  that  likely 
have  substantial  effects  on  cellular  function  after 
heat  shock,  such  as  cell-cycle  proteins  p53  and  p21 
(WAF-1),  signal  transduction  molecules  such  as 
DUSPl,  and  molecules  involved  in  redox  control 
such  as  Cu,  Zn  superoxide  dismutase  (Sonna  et  al., 
2()02a). 

Microarray  studies  of  the  heat  shock  response 
in  vitro 

DNA  microarray  studies  have  confirmed  the  hypo¬ 
thesis  that  responses  to  heat  shock  produces 
extensive  changes  in  gene  expression,  at  least  with 
respect  to  mRNA.  Two  recent  examples  of  the 
application  of  DNA  microarrays  to  the  study  of 
heat  stress  responses  involved  the  study  of  retinal 
pigment  epithelial  cells  that  had  survived  laser 
burns  (Dinh  et  al.,  2001)  and  human  PBMCs  sub¬ 
jected  to  heat  shock  in  vitro  (43°C  for  20  min  fol¬ 
lowed  by  recovery  at  37°C  for  2h  and  40  min) 
(Sonna  et  al.,  2002b).  In  both  studies,  extensive 
changes  were  noted  in  expression  both  of  HSPs 
and  of  genes  not  traditionally  considered  to  be 
HSPs.  Changes  occurred  both  in  pathways  previ¬ 
ously  known  from  biochemical  and  physiological 
studies  to  be  involved  in  the  human  response  to 
heat  shock  as  well  as  in  pathways  whose  role  in  the 
heat  shock  respon.se  is  less  well  defined  (Sonna 
et  al.,  2002b).  Given  the  overlap  between  the 
changes  observed  in  PBMCs  with  those  typically 
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found  in  other  cell  lines  in  which  heat  shock 
responses  have  been  studied,  the  identification  of 
genes  involved  in  cell-cycle  control,  gene  expres¬ 
sion,  and  pro-  and  anti-apoptotic  pathways 
provides  novel  opportunities  for  understanding 
how  heat  stress  could  affect  tissue  function  and 
integrated  physiological  responses  without  the 
need  for  obtaining  human  cells  by  highly  invasive 
methods. 

The  heat  shock  response  in  animal  models 

The  responses  of  animals  exposed  to  hyperthermic 
stress  has  been  studied  extensively,  and  the  reader 
is  referred  to  excellent  reviews  on  this  topic 
(Moseley,  1997;  Krcgel,  2002)  and  recent  work  in 
a  baboon  model  (Bouchama  et  al.,  2005),  mice 
(Leon  et  al.,  2005,  2006),  and  rat  (Sharma,  2006).  A 
wide  variety  of  tissues  exhibit  increased  exprc.s.sion 
of  HSPs  in  response  to  hyperthermic  stress,  and  the 
increased  expression  of  these  proteins  correlates 
with  the  development  of  thermotolcrance.  Other 
factors  such  as  desensitization  of  the  p38  and  JNK 
pathways  may  also  be  involved  in  the  acquisition 
of  thermotolcrance  (Dorion  and  Landry,  2002). 
Expression  of  HSPs  may  also  be  involved  in  in¬ 
creased  tolerance  to  non-thcrmal  stresses  such  as 
oxidative  stress  and  ischemia-reperfusion  (Kregel, 
2002)  as  well  as  in  acclimation  to  heat  (the  ability 
to  perform  increasing  work  at  high  temperatures 
(Moseley,  1997)).  The  expression  of  HSPs  within 
cells  can  therefore  confer  benefit  at  the  cellular, 
tissue,  organ,  and  whole  organism  levels.  These 
models  have  the  potential  not  only  to  link  cellular 
changes  to  integrated  physiological  responses  but 
also  to  ascertain  the  extent  to  which  pathways 
other  than  those  traditionally  associated  with 
thermal  stress  arc  involved. 

Heat  shock  responses  and  moderate  (febrile-range) 
hyperthermia 

Adaptive  responses  induced  by  exercise  hyper¬ 
thermia  may  be  associated  with  heat  acclimatiza¬ 
tion  (Sawka  et  al.,  1996),  the  acquisition  of 
thermotolcrance,  or  both,  as  evidenced  by  obser¬ 
vation  that  exercise-trained  rats  have  reduced 


mortality  when  exposed  to  severe  heat  stress 
(Fruth  and  Gisolfi,  1983).  Although  high  tempera¬ 
tures  will  elicit  a  maximal  heat  shock  response 
(42°  to  45‘C  for  most  human  cell  lines),  recent 
studies  also  show  that  heat  shock  responses  can  be 
produced  at  much  lower  temperatures,  including 
temperatures  commonly  achieved  in  the  febrile 
range  (38.0  ‘  to  39.5°C)  (Hasday  and  Singh,  2000; 
Park  et  al.,  2005).  Temperatures  in  this  range  arc 
commonly  achieved  during  acute  physical  exercise, 
which  raises  the  possibility  that  acute  physiail  ex¬ 
ercise  in  vivo  might  cause  some  of  the  same  gene 
expression  changes  that  are  observed  after  more 
severe  heat  stress.  This  is  conceptually  important 
because,  by  comparing  changes  in  gene  expression 
that  occur  during  acute  physical  exercise  to 
changes  in  expression  that  occur  during  heat  ill¬ 
ness,  it  may  be  possible  to  distinguish  adaptive 
from  pathological  pathways  and  mechanisms. 

Effect  of  acute  physical  exercise  on  gene  exprevsion 
in  humans 

Cell  types  used  to  study  gene  expression  responses 
to  exercise 

It  is  generally  accepted  that  exercise  training  pro¬ 
duces  changes  in  gene  expression  in  cell  types  such 
as  skeletal  muscle  (Pluck  and  Hoppeler,  2003; 
Goldspink,  2003).  Recently  it  has  been  recognized 
that  even  a  single  bout  of  exercise  can  produce 
acute  changes  in  gene  expression  in  skeletal  mus¬ 
cle,  at  least  in  younger  men  (Jozsi  et  al.,  2000; 
Mahoney  et  al.,  2004,  2005;  Bickel  et  al.,  2005). 
That  even  a  single  period  of  exerci.se  can  induce 
such  changes  can  be  explained  by  the  observation 
that  exercising  muscle  is  subject  to  a  variety  of 
stimuli  that  are  known  to  alter  gene  expression, 
including  elevated  temperatures,  hormones,  neu¬ 
ronal  activation  (leading  to  membrane  depolari¬ 
zation  and  increases  in  intracellular  calcium), 
ti.ssuc  hypoxia,  acidosis,  and  mechanical  deforma¬ 
tion  (Pluck  and  Hoppeler,  2003).  Some  of  these 
factors  are  likely  to  affect  not  only  skeletal  muscle 
itself,  but  also  any  cells  that  traverse  skeletal  mus¬ 
cle  capillary  beds  during  exercise  (such  as  circu¬ 
lating  leukocytes).  Purthermore,  the  exercising 
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muscic  itself  releases  factors  that  are  known  to 
infiuence  gene  expression  in  other  cell  types.  For 
example,  several  studies  have  reported  exercise- 
induced  release  of  the  anti-inflammatory  cytokine 
lL-6  (for  a  recent  review,  see  Petersen  and 
Pedersen,  2005),  which  in  turn  can  induce  expres¬ 
sion  of  both  the  lL-1  receptor  antagonist  (also 
elevated  in  exercise,  see  below)  and  lL-10,  and 
inhibit  production  of  TNF-alpha  (Petersen  and 
Pedersen,  2005). 

Skeletal  muscle  biopsy  can,  therefore,  provide 
important  insights  into  human  gene  expression 
changes  that  occur  with  exercise  and  hyper¬ 
thermia.  However,  the  technique  is  invasive,  and 
skeletal  muscle  gene  expression  changes  during 
exercise  only  yield  information  about  the  eft'ects  of 
exercise  on  that  single  tissue  type,  albeit  one  that  is 
undeniably  central  to  our  understanding  of  the 
molecular  phy.siology  of  exercise  in  humans.  An 
understanding  of  normal  and  abnormal  effects  of 
cxcrci.se  and  hyperthermia  on  other  tissue  types 
(such  as  liver,  bowel,  neural  tissue,  etc.)  requires 
animal  models,  the  application  of  invasive  biopsy 
techniques  to  human  volunteers,  or  the  use  of  rep- 
re.sentative  samples  of  cells  such  as  those  that  cir¬ 
culate  through  these  tissues. 

Fortunately,  PBMCs,  which  can  be  readily 
obtained  from  humans,  are  an  accessible  and 
potentially  informative  cell  type  with  which  to 
study  non-muscle  responses  to  heat  stress  and 
exercise.  PBMCs  express  many  genes  and  arc 
responsive  to  a  wide  variety  of  stimuli  in  vitro  and 
in  vivo,  including  heat  stress.  As  inflammatory  cells, 
they  arc  centrally  involved  in  many  important 
systemic  inflammatory  respon,ses  under  both  phys¬ 
iological  and  pathophysiological  conditions.  As 
circulating  cells,  they  arc  exposed  both  to  systemic 
signals  and  to  local  signals  present  in  perfused 
tissues  during  exercise,  including  temperature.  pH, 
oxygen  tension,  cytokines,  mechanical  stresses,  oxi¬ 
dative  stress,  and  other  local  tissue  factors.  Indeed, 
there  is  increasing  evidence  that  gene  expression  in 
circulating  PBMCs  is  influenced  by  disease  proc- 
e.sses  in  isolated  organs,  such  as  pulmonary  hyper¬ 
tension  (Bull  et  al.,  2004).  Finally,  studies  have 
demonstrated  convincingly  that  PBMCs  generate  a 
gene  expression  response  in  vivo  to  thermal  stress 
that  has  remarkable  fidelity  to  the  HSP  response  of 


many  other  cell  types  (Ryan  et  al.,  1991;  Fehrenbach 
ct  al.,  2(KK)a,  b,  2001;  Schneider  et  al.,  2002). 

An  important  limitation  to  the  use  of  unsorted 
PBMCs  is  that  they  represent  a  heterogeneous  cell 
population.  Measured  changes  in  expression  can, 
therefore,  result  from  either  actual  changes  in 
transcript  level  within  individual  cells  or  from 
changes  in  the  distribution  of  PBMC  subpopulat¬ 
ions  produced  by  a  given  stimulus.  Although  this 
can  be  of  considerable  utility  in  its  own  right  (e.g., 
a  stimulus  that  markedly  alters  the  ratio  of  CD4  to 
CD8  lymphocytes  would  likely  produce  measura¬ 
ble  changes  in  the  gene  expression  profile  of  pe¬ 
ripherally  obtained  PBMCs  that  could  be  used  for 
diagnostic  purposes),  it  is  an  inherent  limitation  of 
the  use  of  PBMCs  that  must  be  kept  in  mind  when 
evaluating  the  gene  expression  literature. 

Microarray  studies  of  exercise-induced  gene 
expression  changes  in  PBMCs 

Two  important  microarray  studies  have  recently 
shed  light  on  the  responses  of  PBMCs  to  acute 
physical  exercise. 

Connolly  et  al.  (2004)  studied  the  effect  of  acute 
physical  exercise  on  PBMC  gene  expression  in  15 
moderately  fit  (VO2  peak,  35  45  ml/min/kg)  young 
men  aged  18-30.  The  exercise  protocol  consisted  of 
cycling  at  ~80%  of  peak  VO2  for  30  min.  They  did 
not  report  body  temperature  measurements,  but 
such  exercise  intensities  would  be  expected  to  in¬ 
crease  core  temperatures  to  ~39°C  (Sawka  et  al., 
1 996).  Samples  were  obtained  for  microarray  ana¬ 
lysis  before  exercise,  immediately  after  excrci.se, 
and  after  60  min  of  post-exercise  recovery.  RNA 
samples  were  analyzed  on  a  single-dye  platform 
containing  22,283  sequences  (Affymetrix 
HU133A).  Moderately  strict  criteria  were  used  to 
call  a  difference  in  expression  statistically  signifi¬ 
cant  (estimated  false  positives  <  l“/o). 

In  this  study,  the  subjects  demonstrated  a  rise  in 
serum  lactate  and  growth  hormone  that  peaked 
at  the  end  of  exercise,  as  well  as  a  rise  in  IL-6  and 
IL-lra  that  peaked  at  the  end  of  the  recovery 
period.  An  increase  in  circulating  leukocytes 
was  noted  at  the  end  of  exercise  in  all  three  major 
lineages  (granulocytes,  lymphocytes,  and  monocytes). 
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which  returned  to  baseline  values  at  the  recovery 
time  point.  The  array  data  showed  a  substantial, 
time-dependent  gene  expression  response  to  exer¬ 
cise  involving  several  hundred  genes.  Interestingly, 
increases  in  gene  expression  dominated  the  ex¬ 
pression  pattern  at  the  end  of  exercise,  whereas 
both  increases  and  decreases  in  gene  expression 
were  evident  at  the  recovery  time  point.  In  all. 
these  authors  reported  that  3 1 1  genes  demon¬ 
strated  signiheant  expression  changes  during  exer¬ 
cise  (post-  vs.  pre-exercise)  and  292  genes 
demonstrated  expression  changes  after  recovery 
as  compared  to  the  pre-exercise  baseline  (recovery 
vs.  pre-exercise).  A  total  of  552  genes  showed 
differences  in  expression  between  the  post-exercise 
and  the  recovery  time  points. 

The  genes  affected  by  exercise  (at  one  or  both  of 
the  time  points  studied)  included  many  “classic” 
HSPs,  some  well-known  non-specific  stress  pro¬ 
teins  (such  as  DUSPl),  and  several  inflammatory 
modulators.  Changes  in  IL-6  mRNA  were  not  de¬ 
tected.  consistent  with  prior  literature  concluding 
that  skeletal  muscle,  not  PBMCs,  is  the  predom¬ 
inant  source  of  the  circulating  IL-6  produced  dur¬ 
ing  exercise  (Petersen  and  Pedersen,  2005). 
Additionally,  many  of  the  affected  genes  are  in¬ 
volved  in  cell  growth,  proliferation,  and  differen¬ 
tiation  as  well  as  in  transcription  and  signal 
transduction. 

The  breadth  of  the  gene  expression  rc.sponse  to 
acute  phy.sical  exercise  was  similar  to  observations 
made  in  heat  shock  microarray  studies  of  PBMCs 
in  vitro  (Sonna  et  al.,  2002b)  and  prompted  us  to 
perform  a  more  detailed  comparison  of  the  specific 
genes  affected  by  the  two  stresses.  In  the  published 
supplement  to  their  report,  Connolly  et  al.  (2004) 
listed  433  specific  sequences  that  were  affected  by 
exercise  in  one  or  more  of  their  paired  compari¬ 
sons.  From  this  list,  345  corresponding  sequences 
were  identified  on  the  arrays  used  to  perform  the 
previous  in  vitro  heat  shock  experiments  (the 
U95A)"  (Sonna  et  al.,  2002b).  We  queried  this  list 

"In  some  cases,  direct  correspondences  were  redundant 
(meaning,  more  than  one  .sequence  could  be  found  on  one  ar¬ 
ray  that  corresponded  to  the  targeted  sequence  on  the  other).  In 
others,  correspondence  was  indirect  (i.e.,  corresponding  se¬ 
quences  were  identified  on  the  two  platforms  that  targeted  the 
same  gene  though  not  necessarily  not  the  same  target  sequence). 


to  identify  genes  that  displayed  a  statistically  sig¬ 
nificant  change  in  expression  as  a  result  of  in  vitro 
heat  shock.  To  maximize  methodological  compa¬ 
rability  with  the  data  of  Connolly  et  al.,  we  per¬ 
formed  our  query  without  the  post-hoc  filters  used 
in  the  previous  in  vitro  study  (Sonna  et  al.,  2()02b), 
such  as  expression  calls  and  arbitrary  fold-change 
cutoffs. 

Table  3  provides  a  comparison  of  gene  expres¬ 
sion  from  acute  physical  exercise  and  in  vitro  heat 
shock.  Of  the  345  sequences  affected  by  exercise 
for  which  cross-platform  compari.sons  could  be 
made,  184  sequences  were  different  from  baseline 
at  the  end  of  exercise  (168  increased  and  16  de¬ 
creased)  and  104  were  different  from  baseline  after 
recovery  (61  increased  and  43  decreased).  Approxi¬ 
mately  1/5  of  these  genes  showed  similar  changes 
after  heat  shock  in  vitro  (Table  3).  This  overlap  is 
somewhat  larger  than  that  found  (11-14%)  in  a 
control  comparison  of  the  cITects  of  acute  physical 
exercise  in  PBMCs  to  the  effects  of  hypoxia  on  a 
different  cell  line  (exposure  of  HepG2  hepatocytes 
in  culture  to  1%  oxygen  for  24  h  (Sonna  et  al., 
2003)).  Furthermore,  the  degree  of  overlap  in¬ 
creased  substantially  when  the  analysis  was  limited 
to  genes  considered  to  be  of  high  interest  by  Con¬ 
nolly  et  al.,  that  were  further  classified  as  “stress 
proteins  and  HSPs”.  Of  15  sequences  for  which 
cross-platform  comparisons  could  be  made  (rep¬ 
resenting  1 1  genes  of  this  class)^,  all  showed  in- 
crea.sed  expression  at  one  or  both  of  the  time 
points  after  exercise  as  compared  to  baseline  and 
of  these,  12  (80%)  were  also  increased  significantly 
by  heat  shock  in  vitro.  The  three  sequences  that 
showed  responses  after  heat  shock  that  differed 
from  acute  physical  exercise  corresponded  to  dual 
specificity  phosphatase  5,  HIFIA  (both  unaffected 
by  heat  shock  in  vitro)  and  HIF-1  responsive 
RTP801  (decreased  by  heat  shock). 

Among  the  “high  interest”  genes  identified  by 
Connolly  et  al.,  the  degree  of  overlap  between  the 
effects  of  exercise  and  the  in  vitro  PBMC  heat 
shock  responses  reported  by  Sonna  et  al.  (20()2b) 
was  also  greater  for  stress  proteins  and  HSPs  than 
for  other  categories.  For  inflammatory  response 
genes,  the  overlap  with  heat  shock  responses  was 
1 7  and  3 1  %  at  end-exercise  and  recovery,  respec¬ 
tively.  For  genes  classified  as  growth  and 
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Table  3.  Overlap  between  the  elTeets  on  gene  expression  of  acute  exercise  in  vivo  (Connolly  et  al.,  2004;  Zieker  et  al.,  2005)  and  heat 
shock  in  vitro  (Sonna  et  al.,  2002b) 


Study 

Time  point 

Category 

Direction  of  change 

Increased  Decreased 

liither 

Connolly  et  al.  (PBMCs) 

Post-exercise 

Total  .sequences  affected" 

168  (100%) 

16  (100%) 

184(I(X)%) 

Sequences  similarly  affected  by  heat  shock 

.34  (20%) 

7  (44%) 

41  (22%) 

Sequences  differently  affected  by  heat  shock*’ 

1.34  (80%) 

9  (56%) 

143  (78%) 

Recovery 

Total  sequences  alTected" 

61  (l(X)%) 

43  (100%) 

104  (100%) 

Sequences  similarly  affected  by  heat  shock 

15  (25%) 

6  (14%) 

21  (20%) 

Sequences  differently  affected  by  heat  shock*’ 

46  (75%) 

.37  (86%) 

8.3  (80%) 

Zieker  et  al.  (Whole  blood) 

Post-exercise 

Total  sequences  affected"  * 

1.3  (100%) 

22  (100%) 

.35  (100%) 

Sequences  similarly  alTected  by  heat  shock 

4  (.31%) 

8  (.36%) 

12  (.34%) 

Sequences  dilTerently  afl'ectcd  by  heat  shock*’ 

9  (69%) 

14  (64%) 

2.3  (66%) 

“Relative  to  pre-exercisc  baseline. 

'’Includes  sequences  not  significantly  affected  by  heat  shock  and  sequences  that  showed  a  .statistically  significant  change  of  opposite  direction. 
‘Includes  all  difTerentially-expressed  sequences  regardless  of  Bonfcrroni-adju.sted  P  value. 


transcription  factors,  the  overlap  was  19  and  8%. 
Specific  examples  of  genes  that  display  overlap  in 
the  responses  to  heat  shock  and  acute  physical  ex¬ 
ercise  are  listed  in  Table  4. 

In  summary,  a  portion  of  the  in  vivo  PBMC  gene 
expression  response  to  physical  exercise  appears  to 
involve  changes  that  are  also  produced  by  heat 
shock  in  vitro,  particularly  among  stress  proteins 
and  HSPs.  These  observations  are  consistent  with 
the  hypothesis  that  physical  exercise  is  a  complex 
stimulus  in  which  the  accompanying  hyperthermia 
might  account  for  at  least  some  of  the  observed 
changes  in  PBMC  gene  expression. 

Zieker  et  al.  (2005)  studied  trained  runners 
(peak  VO2  not  reported  but  average  weekly  dis¬ 
tance  run  was  52.2  km  (32.4  miles)  and  all  had  been 
training  for  at  least  2  years),  aged  28-58,  who  were 
competing  in  a  half-marathon  on  a  cool  and  hu¬ 
mid  day  (ambient  temperature  1°C  or  33.8°F)  on 
hilly  terrain.  The  average  race  time  was  105  min 
(range  77-1 39  min).  Samples  were  drawn  for  mi¬ 
croarray  analysis  before,  immediately  after,  and 
24 h  after  the  race.  In  this  study,  RNA  was  ex¬ 
tracted  from  whole  blood,  not  simply  PBMCs. 
Samples  were  analyzed  using  a  custom  dual-dye 
spotted  array  platform  containing  277  probes  pri¬ 
marily  focused  on  genes  involved  in  inflammatory 
respon.ses.  Findings  of  interest  were  confirmed  by 
real-time  PCR.  As  in  the  study  by  Connolly  et  al. 
(2004),  an  increase  in  circulating  leukocyte  count 
had  occurred  at  the  end  of  exercise  that  was 


principally  attributable  to  an  increase  gran¬ 
ulocytes.  The  number  of  monocytes  also  increa.scd 
but  there  was  a  decrease  in  lymphocytes.  These 
changes  returned  to  baseline  by  the  recovery  time 
point. 

The  microarray  array  data  demonstrated  that 
~10%  of  the  genes  (29  sequences  representing  28 
genes)  showed  expression  differences  after  the  race 
as  compared  to  baseline.  The  magnitudes  of  the 
changes  reported  were  generally  small,  with  only 
three  genes  showing  increases  of  twofold  or  greater 
(selectin  L,  thioredoxin,  IL  8  receptor  alpha)  and 
only  four  showing  decreases  of  twofold  or  greater 
(CD81,  ICAM2,  Chemokine  receptor  1  and  CD2). 
Furthermore,  although  all  29  sequences  showed 
changes  that  could  be  considered  statistically  sig¬ 
nificant  by  unadjusted  P  values,  only  seven  met  the 
very  stringent  criteria  for  statistical  significance 
that  the  authors  applied  to  minimize  false  positive 
reports  (Bonferroni  adjustment).’  Importantly,  the 

'The  affected  sequences  corre.spondcd  to:  selectin  L  (iiprcg- 
ulaled).  CD81,  CD244.  integrin  alpha  X.  glutathione  S-tran.sf- 
erasc  M3.  ICAM2.  and  chemokine  receptor  1  (all 
downregulated).  To  account  for  multiple  comparisons,  the  au¬ 
thors  used  a  factor  of  345  to  adjust  P  values  (Zieker,  personal 
communication ).  Accordingly,  we  included  all  29  genes  re¬ 
ported  by  the  authors  as  having  Bonferroni-adjusted  P<  I  (i.e., 
unadjusted  /’<0.003)  in  our  comparative  analysis.  This  broader 
list  of  29  genes  included  the  lL-1  receptor  antagonist,  which  had 
a  Bonferroni-adjusted  P  value  of  0.93  on  the  microarray  but 
which  the  authors  found  on  real-time  PCR  to  be  upregulated  in 
this  study,  in  keeping  with  observations  made  by  others. 
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Tabic  4.  Examples  of  genes  that  are  similarly  affected  in  PBMCs  by  acute  physical  exercise  and  heat  shock 
Stress  response  genes  and  HSPs  Intlammatory  and  immune  response  genes 


Increased 

Increased 

DUSPl 

Dual-specificity  phosphatase  1 

CSF3R 

Colony  stimulating  factor  3  receptor 
(granulocyte) 

DUSP2 

Dual-spccilicity  phosphatase  2 

NCR3 

Lymphocyte  antigen  1 1 7 

DUSP.1 

Dual-specificity  phosphatase  3 

PTPN22 

Protein  tyrosine  phosphatase,  non¬ 
receptor  type  22  (lymphoid) 

MSPBl 

Heat  shiK'k  27kDa  protein  1 

TNFSF14 

Tumor  necrosis  factor  (ligand) 
superfamily,  member  14 

DNAJAl 

DnaJ  (Msp  40)  homolog,  subfamily  A,  member  1 

XCL2 

C'hcmokinc  (C-motiO  ligand  2 

DNAJBl 

DnaJ  (Hsp  40)  homolog,  subfamily  B.  member  1 

Decreased 

HSPAIA 

Heat  shock  70kDa  protein  lA 

IGHM 

Immunoglobulin  heavy  constant  mu 

IISPAIB 

Heat  shock  70kDa  protein  IB 

NCFI 

Neutrophil  cytosolic  factor  1 
(47kDa.  chronic  granulomatous 
disca.se.  autosomal  1 ) 

HSPCA 

Heat  .shock  90kDa  protein  1,  alpha 

TNFRSF12 

Tumor  necrosis  factor  receptor 
superfamily,  member  12 
(translocating  chain  association 
membrane  protein) 

HSPHl 

Heat  shock  protein  105 

STIPI 

Stress-induced  phosphoprotein  1  (HSP  70,  HSP  90 
organizing  protein) 

Growth  factors  anil  transcription 

Metabolism  and  biosynthesis 

Increased 

Increased 

EGRl 

Early  growth  response  1 

BPGM 

2,3-bisphosphoglycerate  muta.se 

NCOAl 

Nuclear  receptor  co-activator  1 

NDUFB7 

NADH  dehydrogcna.se  (ubiquinone) 

1  beta  subcomplex,  7,  18kDa 

NR4A2 

Nuclear  receptor  subfamily  4,  group  A,  member  2 

RUNX3 

Runt-related  transcription  factor  3 

Other 

S100A9 

SlOO  calcium  binding  protein  A9  (calgranulin  B) 

Increased 

TCPX 

Transcription  factor  8 

MADH7 

MAD.  mothers  against 
decapcntaplcgic  homolog  7 
(Drosophila) 

TIEG 

TGFB  inducible  early  growth  response 

SNTB2 

Syntrophin,  beta  2 
(dystrophinassociated  protein  Al, 

59  kDa.  basic  component  2) 

YESl 

v-yes-1  Yamaguchi  sarcoma  viral  oncogene 

STK39 

Serine  threonine  kinase  39  (STE20/ 

homolog  1 

SPSI  homolog,  yeast) 

authors  confirmed  several  of  the  observed  gene 
expression  changes  by  real-time  PCR,  including 
some  that  would  have  been  excluded  based  on 
their  Bonferroni  adjustment,  and  furthermore, 
carefully  demonstrated  that  some  of  the  observed 
changes  were  quantitatively  attributable  to 
changes  in  cell  type  distribution  as  determined  by 
cell  surface  markers.  The  gene  expression  profile 
had  returned  to  baseline  by  the  24-h  recovery  time 
point,  as  no  significant  differences  in  gene  expres¬ 
sion  from  pre-exercise  baseline  were  detected  at 
that  time  point. 


A  substantial  fraction  of  the  29  genes  affected 
by  exercise  in  whole  blood  in  the  study  by  Zickcr  ct 
al.  were  similarly  affected  by  heat  shock  of  PBMCs 
in  vitro.  A  cross-platform  comparison  analogous 
to  the  one  described  above  for  the  Connolly  study 
identified  35  sequences  on  the  array  used  for 
in  vitro  heat  shock  (Sonna  et  al.,  2()()2b)  that  cor¬ 
responded  to  genes  on  the  platform  used  by  Zieker 
ct  al.  Of  these,  about  one  third  were  similarly 
affected  by  in  vitro  heat  shock  and  in  vivo  exercise 
(Table  3).  This  is  comparable  in  magnitude  to 
the  previously  noted  overlap  between  heat  shock 
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in  vitro  and  the  effects  of  exercise  on  the  expression 
of  “high  interest”  inflammatory  response  genes  in 
the  Connolly  study  (17-31%,  see  above). 

The  two  exercise  studies  used  markedly  different 
array  platforms,  and  we  identified  only  eight  genes 
affected  by  exercise  in  the  Zieker  study  for  which 
comparisons  could  be  made  between  studies.  The 
changes  observed  were  more  commonly  discordant 
than  concordant  (i.c.,  increased  in  one  study  but 
decreased  in  the  other  or  affected  in  the  Zieker 
study  but  not  in  the  Connolly  .study).  The  only 
concordance  between  the  two  datasets  occurred 
between  the  immediate  post-exercise  .sample  ob¬ 
tained  by  Zieker  et  al.  and  the  recovery  time  point 
obtained  1  h  after  the  race  by  Connolly  et  al.,  time 
points  that  both  occurred  about  the  same  time  af¬ 
ter  the  initiation  of  exercise  (105  min  in  the  Zieker 
study,  90  min  in  the  Connolly  study).  At  this  time 
point,  three  genes  showed  concordant  respomses. 
namely,  heat  shock  27kDa  protein-1  (HSPBl)  (in¬ 
creased  in  both  studies),  CD  1 4  (increased  in  both 
studies),  and  interleukin  2  receptor  beta  (decreased 
in  both  studies).  One  important  difference  between 
the  two  studies  was  the  ambient  temperature  at 
which  subjects  exercised.  Whereas  the  Connolly 
study  was  performed  in  a  laboratory  setting  at 
room  temperature,  the  Zieker  study  was  per¬ 
formed  outdoors  on  a  cool  and  humid  day  (am¬ 
bient  temperature  1°C).  Also,  the  Connolly  study 
examined  gene  expression  in  PBMCs,  whereas  the 
Zieker  study  used  whole  blood. 

Despite  the  differences  in  methodology  and 
findings  between  these  two  studies,  the  following 
general  inferences  can  be  made.  First,  acute 
physical  exercise  in  fit  males  can  produce  changes 
in  gene  expression  that  are  easily  detectable  in  pe¬ 
ripheral  blood  and  circulating  PBMCs  using  DNA 
microarrays  and  other  technologies.  Second,  the 
changes  in  gene  expression  appear  to  be  strongly 
time-dependent.  Third,  some  of  these  changes  in 
gene  expression  are  likely  due  to  exercise-induced 
changes  in  the  distribution  of  PBMC  subtypes 
whereas  other  changes  cannot  be  explained  solely 
by  this  phenomenon.  Fourth,  .some  of  the  PBMC 
gene  expression  changes  include  molecules  that  arc 
inflammatory  modulators,  but  not  IL-6,  which  is 
consistent  with  the  hypothesis  that  cells  other  than 
PBMCs  (such  as  skeletal  muscle)  are  the  source  of 


circulating  IL-6  during  exercise.  Fifth,  expression 
of  at  least  some  HSPs  appears  to  be  increased  by 
exercise.  Sixth,  the  data  by  Connolly  et  al.  suggest 
that  a  large  part  of  the  PBMC  response  to  exercise 
involves  genes  other  than  stress  proteins  and  in¬ 
flammatory  modulators. 

Some  of  the  differences  between  in  vitro  and 
in  vivo  responses  to  heat  stress  can  be  accounted 
for  by  established  mechanisms.  For  example,  the 
ILl  receptor  antagonist  (ILl  RN)  was  increased  by 
exercise  (e.g.,  the  real-time  PCR  data  in  the  Zieker 
study)  but  unaffected  (1  sequence)  or  decreased 
(1  sequence)  by  heat  shock  in  vitro.  It  has  been 
postulated  that  the  increased  expression  of  ILl  RN 
that  occurs  during  exercise  is  induced  by  IL6  re¬ 
leased  by  tissues  such  as  skeletal  muscle  (Petersen 
and  Pedersen,  2005).  By  contrast,  increased  ex¬ 
pression  of  IL6  is  not  thought  to  occur  in  PBMCs 
during  exercise  (Connolly  et  al.,  2004;  Zieker  et  al., 
2005)  and  in  vitro,  heat  shock  actually  decreased 
IL6  mRNA  levels  in  PBMCs  (geometric  mean  ex¬ 
pression  ratio  0.37,  95%  Cl  0.16-0.85)  (Sonna 
et  al.,  2002b).  Thus,  the  discrepancies  between  the 
in  vitro  and  in  vivo  ILIRN  expre.ssion  re.sponscs 
can  be  accounted  for  by  the  differences  in  avail¬ 
ability  of  IL6. 

Another  informative  difference  between  in  vitro 
and  in  vivo  responses  is  exemplified  by  CD  14.  Ex¬ 
pression  of  CD  14  mRNA  was  increased  by  exer¬ 
cise  in  vivo  in  both  studies  but  was  strongly 
decreased  by  heat  shock  in  vitro.  Interestingly, 
CD  14  is  a  receptor  for  both  bacterial  LPS  and 
apoptotic  cells  (Gupta  et  al..  1996;  Devitt  et  al., 
1998),  and  there  is  evidence  in  the  literature  that 
heat  stress  in  vivo  can  lead  to  entry  of  LPS  into  the 
systemic  circulation,  putatively  originating  from 
the  bowel  (Hall  et  al.,  2001;  Lambert  et  al.,  2002; 
Lambert.  2004).  As  with  ILIRN,  the  discrepancy 
sugge.st.s  the  presence  of  a  stimulus  other  than  heat 
that  modulates  CD  14  expression  in  vivo,  and  in¬ 
deed,  the  observed  change  in  CD  14  in  the  Zieker 
study  can  be  well  accounted  for  by  the  observed 
changes  in  cell  type  distribution  (Zieker  et  al., 
2005L 

The  comparison  of  expression  responses  of 
PBMCs  in  vitro  and  in  vivo  suggest  that  exercise 
is  a  complex  stimulus  in  which  systemic  and  local 
factors  can  modify  or  override  the  effects  of 
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hyperthermia  on  PBMC  gene  expression  that 
would  be  expected  based  on  the  in  vitro  data.  Re¬ 
sponses  that  are  similar  between  the  two  experi¬ 
mental  systems  can  be  accounted  for,  at  least  in 
part,  by  postulating  a  direct  effect  of  hyperthermia 
on  gene  expression.  By  contrast,  responses  that 
difler  between  the  two  systems  can  lead  to  novel 
mechanistic  hypotheses  and  insights,  such  as  a 
search  for  novel  mediators  of  responses  to  exercise, 
or  can  rcaflirm  the  mechanistic  importance  of 
modifiers  that  have  previously  been  identified  (such 
as  1L6).  The  concept  that  these  complex  responses 
can  be  dissected  into  component  parts  is  perhaps 
the  more  important  one,  as  it  provides  the  intel¬ 
lectual  basis  for  studies  that  compare  gene  expres¬ 
sion  responses  that  are  beneficial  (such  as  those 
involved  in  training  and  acclimatization)  to  those 
that  are  hannful  (such  as  ones  that  contribute  to 
dysfunction  in  EHl).  Comparison  of  the  compo¬ 
nent  responses  of  beneficial  and  pathological  re¬ 
sponses  may  help  identify  candidate  pathways  for 
experimental  and  therapeutic  manipulation. 

Gene  expression  changes  in  PBMCs  caused  by 
exertional  heat  injury 

Given  the  observation  that  PBMCs  exhibit  large 
gene  expression  responses  to  heat  shock  in  vitro 
and  to  acute  bouts  of  exercise  in  vivo,  it  is  not 
surprising  that  extensive  changes  have  been  re¬ 
ported  in  these  cells  in  the  context  of  EHl.  Com¬ 
parisons  of  the  PBMC  expression  responses  to 
different  stressors  are  informative,  in  that  they  can 
help  identify  candidate  genes  that  might  serve  as 
markers  of  EHl  as  well  as  others  that  might  be 
involved  mechanistically  in  the  disease  processes. 

Gene  expression  responses  in  EHl:  similarity  and 
differences  to  aeute  physical  exercise 

The  effects  of  EHl  on  gene  expression  by  PBMCs 
were  recently  reported  in  a  study  of  Marine  Corps 
recruits  (Sonna  et  al.,  2004).  Samples  were  ob¬ 
tained  from  four  subjects  who  presented  to  the 
medical  clinic  for  emergency  treatment  of  exertio¬ 
nal  heat  injury.  Samples  were  obtained  at  the  time 
of  presentation,  3  h  after  active  cooling,  and  at  a 


24— 48h  follow-up  visit.  The  subjects  had  docu¬ 
mented  hyperthermia  with  evidence  of  organ  in¬ 
jury  (such  as  elevations  in  serum  liver  enzymes 
and/or  creatine  kinase),  and  had  experienced  prod¬ 
romal  symptoms  suggestive  of  viral  illness  in 
the  days  preceding  the  onset  of  EHl.  None  met 
neurological  criteria  for  the  diagnosis  of  heat 
stroke.  Control  samples  were  obtained  from  three 
recruits  several  days  before  and  several  days  after 
an  intense  field  training  exercise  in  hot  weather. 
Gene  expression  analysis  was  performed  on  pooled 
samples  using  single-dye  oligonucleotide  arrays 
(Affymetrix  U95Av2). 

The  results  showed  that  the  subjects  experienc¬ 
ing  EHl  exhibited  a  time-dependent  change  in 
PBMC  gene  expression.  The  expression  response 
was  large,  with  361  sequences  showing  increased 
expression  at  one  or  more  of  the  time  points  stud¬ 
ied  and  331  showing  decreased  expression  (the  to¬ 
tal  expression  response  was  slightly  smaller  than 
the  692  predicted  by  summing  the  two  numbers,  as 
some  sequences  showed  inereases  at  some  time 
points  and  decreases  at  others).  Many  of  the  gene 
expression  changes  could  be  accounted  for  by  heat 
shock  responses  previously  documented  in  PBMCs 
in  vitro,  most  notably  among  the  HSPs.  Others, 
however,  could  not  be  readily  explained  by 
the  in  vitro  data.  Importantly,  and  unlike  the 
in  vitro  responses  of  PBMCs,  about  one  fourth 
of  the  sequences  most  highly  upregulated  in  EHl 
corresponded  to  interferon-inducible  genes  that 
are  induced  by  interferons  -alpha,  -gamma,  or 
both. 

It  is  informative  to  compare  the  results  of  the 
Marine  Corps  recruit  study  to  the  changes  re¬ 
ported  by  Connolly  et  al.  (2004)  (Tables  5A-C). 
Among  the  sequences  whose  expression  was  in¬ 
creased  by  exertional  heat  injury,  approximately 
1 16  were  also  increased  by  acute  physical  exercise, 
and  many  of  these  were  also  increased  by  heat 
shock  in  vitro.  However,  few  of  the  highly  upreg¬ 
ulated  EHl  genes  that  were  comparably  affected 
by  physical  exercise  were  also  interferon-inducible 
(Table  5A).  By  contrast,  sequences  that  were 
highly  upregulated  by  EHl  but  not  by  acute 
physical  exercise  commonly  included  interferon- 
inducible  genes  (Table  5B).  A  concept  of  compo¬ 
nent  responses  therefore  emerges.  Namely,  EHl 


and  exercise  share  an  expression  response  that  can 
be  ascribed  to  thermal  stress  per  se,  and  the  ex¬ 
pression  signature  of  EHI  includes  a  component 
response  that  is  functionally  related  to  interferons 
but  that  is  not  present  in  acute  physical  exercise  or 
in  in  vitro  models  of  heat  shock. 

The  dissection  of  gene  signature  responses  into 
distinct  components  has  important  implications  for 
improving  the  application  of  gene  expression  stud¬ 
ies  to  the  study  of  physiological  states,  as  linking 
component  responses  to  well-described  functional 
outcomes  allows  correlations  of  molecular  changes 
with  the  clinical  and  biochemical  features  of  the 
disease.  For  example,  increases  in  circulating  in¬ 
terferons  alpha  and  gamma  do  not  appear  to  be 
part  of  the  normal  response  to  exhaustive  exercise 
(Suzuki  et  al.,  2002).  In  one  case,  a  study  of  16  elite 
marathon  runners  (race  times  less  than  2h  and 
38  min)  found  no  significant  differences  in  circu¬ 
lating  interferons  alpha  and  gamma  levels  before 
and  after  a  marathon;  by  contrast,  these  subjects 
had  marked  elevations  of  IL-6  and  IL-1  receptor 
antagonist,  as  expected  (Suzuki  et  al.,  2000).  Like¬ 
wise,  neither  the  Connolly  study  nor  the  Zieker 
study  reported  an  increase  in  mRNA  encoding  in¬ 
terferons  alpha  or  gamma.  By  contrast,  in  the  EHI 
study,  a  sequence  corresponding  to  interferon 
gamma  was  significantly  and  strongly  increased  in 
EHI  but  was  excluded  from  the  final  list  of  affected 
genes  because  of  the  strict  post-hoc  filter  criteria 
used  in  that  study  (specifically,  expression  calls). 
Thus,  these  comparisons  provide  support  for  the 
hypothesis  that  interferons  might  play  a  role  in  the 
pathophysiology  of  some  cases  of  human  exertio¬ 
nal  heat  injury. 

Among  sequences  that  exhibited  decreased  ex¬ 
pression,  little  overlap  occurred  between  EHI  and 
acute  physical  exercise.  Indeed,  the  number  of 
overlapping  downregulated  sequences  was  far 
smaller  than  the  number  of  overlapping  upregu- 
lated  sequences,  representing  only  approximately 
2%  of  all  genes  that  were  significantly  decreased 
by  EHI  (as  compared  to  ~l/6  of  upregulated  se¬ 
quences,  see  above).  The  observation  that  the  pat¬ 
terns  of  genes  downregulation  differ  to  such  a 
great  extent  between  the  two  conditions  suggests 
the  possibility  that  they  might  be  used  as  biological 
markers  to  help  distinguish  between  the  two  states. 


These  differences  notwithstanding,  there  was 
nonetheless  some  overlap  observed  in  the  se¬ 
quences  that  were  downregulated  by  EHI  and 
those  downregulated  by  acute  physical  exercise. 
For  example,  both  EHI  and  acute  physical  exercise 
resulted  in  decreased  expression  of  the  transcrip¬ 
tion  factors  jun  and  myc,  which  are  known  to  have 
broad  downstream  effects.  These  shared  changes 
in  expression  might  represent  normal  responses  to 
exercise  that  also  occur  in  EHI,  and  might  even  be 
physiologically  important.  Interestingly,  in  tissue 
culture,  decreased  expression  of  myc  has  been 
shown  to  be  important  for  cell  survival  after  heat 
shock  (Wennborg  et  al.,  1995). 

Because  of  the  apparent  interferon-inducible  re¬ 
sponse  observed  among  the  upregulated  genes  in 
the  EHI  study,  we  re-examined  the  list  of  immune 
function  genes  that  were  downregulated  by  EHI. 
Interestingly,  about  half  of  these  43  downregulated 
sequences  corresponded  to  genes  that  are  normally 
expressed  by  T-cells  (particularly  activated  and 
cytotoxic  T-cells)  and/or  natural  killer  (NK)  cells. 
Corresponding  sequences  in  the  Connolly  study 
were  found  for  12  of  these  43  sequences  and  of 
these,  only  3  (2  of  which  were  T-cell/NK  cell  re¬ 
lated  sequences)  showed  decreased  expression  at 
one  of  the  time  points  examined;  the  remainder 
were  upregulated.  This  observation  gives  rise  to 
the  hypothesis  that  EHI  may  produce  changes  in 
PBMC  cell  type  distribution  (specifically,  of  T-cells 
and/or  NK  cells)  that  are  not  part  of  the  normal 
response  to  exercise. 

Finally,  several  sequences  were  identified  that 
were  increased  in  response  to  exercise  but  that 
failed  to  show  a  significant  expression  response  to 
EHI  (Table  5C).  This  included  genes  that  have 
broad  effects  on  cellular  function,  such  as  NR4A2. 
CREM,  EGRl,  DUSP2,  and  DUSP3.  Some  of 
these  were  similarly  affected  by  heat  shock  in  vitro. 
One  possible  explanation  for  the  finding  of  genes 
that  are  upregulated  by  heat  shock  in  vitro  and 
by  acute  physical  exercise  in  vivo  but  not  by  EHI  is 
the  presence  of  signals  during  EHI  that  antago¬ 
nize  components  of  PBMC  hyperthermia-induced 
responses.  The  identification  of  genes  that  distin¬ 
guish  normal  exercise  responses  from  those 
that  characterize  heat  injury  provides  a  rational 
basis  for  studies  that  explore  their  role  as  part  of 


Table  5.  Gene  expression  responses  of  exercise,  exertional  heat  injury,  and  heat  shock 
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normal  compensatory  and  even  beneficial  effects 
of  exercise. 

The  following  picture  emerges  from  these  com¬ 
parative  analyses  of  published  studies  is  as  follows. 
First,  the  gene  expression  signature  of  EH  I  can  be 
subdivided  into  various  identifiable  components 
that  appear  to  have  mechanistic  implications.  One 
component  includes  genes  that  are  similarly 
affected  by  heat  shock  in  vitro,  some  of  which 
are  also  part  of  the  normal  responses  to  exercise. 
These  genes  are  good  candidates  for  study  as  po¬ 
tential  targets  of  heat-activated  transcription  fac¬ 
tors.  such  as  HSF-1.  A  second  component  includes 
genes  that  are  similarly  affected  by  exercise  and 
EH  I  but  that  do  not  appear  to  be  strictly  depend¬ 
ent  on  hyperthermia  for  their  change  in  expres¬ 
sion.  Changes  in  expression  of  these  genes  as  a 
result  of  exercise  would  thus  appear  more  likely  to 
depend  on  factors  other  than  heat  per  se.  A  third 
component  involves  genes  that  seem  limited  to 
EHI.  This  component  includes  several  interferon- 
inducible  genes  that  are  upregulated  in  EHI  as  well 
as  several  genes  that  appear  to  be  involved  in 
T-  and  NK-cell  function  that  are  downregulated  in 
EHI.  Additional,  better  comparisons  involving 
additional  environmental  exposures  and  time- 
dependent  changes  are  likely  to  lead  to  the  iden¬ 
tification  of  additional  informative  component 
responses. 

Additional  conclusions  that  can  be  drawn  from 
the  comparative  analysis  presented  include  the 
following.  First,  the  overlap  between  EHI  and 
normal  exercise  responses  may  be  much  greater  for 
sequences  that  show  increases  in  expression  than 
for  sequences  that  show  decreases  in  expression. 
These  differences  in  the  patterns  of  downregula- 
tion  might,  therefore,  eventually  prove  useful  as 
markers  for  injury.  Second,  finding  genes  that  are 
affected  by  acute  physical  exercise  but  not  EHI 
suggests  that  some  of  the  changes  characteristic  of 
EHI  might  represent  a  failure  to  alter  the  expres- 
.sion  of  important  genes  that  play  a  compensatory 
or  protective  role  in  normal  exercise.  Last,  and 
most  importantly,  some  of  the  differences  in  ex¬ 
pression  detected  in  these  studies  may  be  attribut¬ 
able  not  to  changes  in  genes  expression  within  a 
particular  cell  type,  but  rather  to  differences  in  the 
composition  of  circulating  PBMCs  (i.e.,  a  change 


in  the  relative  distributions  of  PBMC  subtypes). 
For  example,  some  of  the  downregulated  genes 
might  be  accounted  for  by  selective  loss  of  certain 
subsets  of  T-  and  NK-cells  in  the  peripheral  cir¬ 
culation. 


Inflammatory  mediators,  lymphocyte  function,  and 
exertional  heat  illness 

The  Marine  Corps  recruit  study  of  gene  expression 
responses  to  EHI  does  not  permit  a  firm  distinc¬ 
tion  to  be  made  between  changes  that  contribute 
to  the  pathophysiology  EHI,  those  which  are  con¬ 
sequences  of  EHI  (and  as  such,  markers  of  the 
condition),  and  those  which  are  epiphenomena.  As 
commonly  occurs  in  clinical  studies,  the  Marine 
Corps  recruit  study  did  have  methodological  limi¬ 
tations  that  must  be  kept  in  mind  when  attempt¬ 
ing  to  generalize  the  findings.  These  limitations 
include  a  low  number  of  subjects  with  varying  de¬ 
grees  of  severity  of  EHI,  use  of  pooled  samples, 
and  use  of  samples  from  control  subjects  that  were 
drawn  at  different  times  from  the  index  cases  and 
at  rest,  rather  than  shortly  after  exhaustive  exer¬ 
cise.  There  also  may  have  been  an  artifact  of  pop¬ 
ulation  sampling  given  the  small  size  of  the  study. 

These  limitations  notwithstanding,  two  lines  of 
evidence  support  the  findings  of  the  Marine  Corps 
recruit  study  that  interferons  and  other  pro-in¬ 
flammatory  proteins  might  play  a  mechanistic  role 
in  some  cases  of  EHI.  The  first  is  a  series  of  in  vitro 
studies  that  have  reported  that  the  response  of 
cultured  cells  to  heat  shock  is  substantially  altered 
by  previous  exposure  history.  For  example,  pre¬ 
exposure  of  porcine  endothelial  cells  to  LPS-  or  to 
TNF-alpha  leads  to  a  dose-dependent  increase  in 
cell  death  by  apoptosis  after  heat  shock  (Buchman 
et  al.,  1993).  A  similar  phenomenon  was  observed 
in  a  transformed  murine  cell  line  after  exposure  to 
interferon  gamma  (Abello  and  Buchman,  1994). 
These  outcomes  contrast  with  the  normal  response 
of  these  cells  to  heat  shock  in  the  absence  of  pre¬ 
exposure,  which  is  survival  and  adaptation.  The 
in  vitro  data  thus  suggest  that  delivery  of  a  heat 
shock  in  the  context  of  a  pre-existing  pro-inflam¬ 
matory  stimulus  can  lead  to  cell  death  by 
apoptosis,  rather  than  survival  and  recovery. 
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The  mechanism  by  which  pro-inflammatory 
stimuli,  such  as  LPS  and  TNF-alpha,  can  lead 
to  decreased  cellular  survival  after  heat  shock 
might  involve  transcription  factor  NF-kappa-B 
(DeMeester  et  al.,  2001).  Normally,  NF-kappa-B 
exists  in  an  inactivated  state  in  the  cytoplasm, 
bound  to  the  inhibitor  I-kappa-B  (Malhotra  and 
Wong,  2002).  Activation  of  NF-kappa-B  by  pro- 
inflammatory  stimuli  involves  phosphorylation  of 
this  inhibitor  by  I-kappa-B  kinase  (IKK),  which 
in  turn  to  the  ubiquitinylation  and  proteasome- 
mediated  degradation  of  I-kappa-B,  translocation 
of  NF-kappa-B  to  the  nucleus,  and  activation  of 
NF-kappaB  —  dependent  transcription  (Curry 
et  al.,  1999;  Shanley  et  al.,  2000;  Yoo  et  al.,  2000). 
Heat  shock  inhibits  the  activation  of  NF-kappa-B 
through  a  variety  of  mechanisms,  of  which  the 
most  important  is  believed  to  be  inhibition  of  IKK 
activity,  which  in  turn  prevents  phosphorylation  of 
I-kappa-B  and  its  dissociation  from  NF-kappa-B 
(Wongetal.,  1997;  Scarim  et  al.,  1998;  Curry  et  al., 
1999;  Shanley  et  al.,  2000;  Yoo  et  al.,  2000). 
Increases  in  1-kappa-B  expression  have  also  been 
observed  as  a  result  of  heat  .shock  (Wong  et  al., 
1999;  Pritts  et  al.,  2000).  In  the  presence  of  pre¬ 
existing  pro-inflammatory  stimuli,  which  activate 
NF-kappa-B,  the  subsequent  delivery  of  a  heat 
shock  appears  to  be  sufficient  to  shift  cellular  fate 
toward  apoptosis  (DeMeester  et  al.,  2001). 

As  noted  previously,  although  exertional  heat 
illness  can  result  from  a  single  exposure  to  heat 
stress  that  overwhelms  available  compjensatory  re¬ 
sponses,  epidemiological  data  suggest  that  for 
some  individuals,  exertional  heat  illness  may  occur 
as  the  result  of  a  “two-hit”  process.  These  subjects 
present  with  exertional  heat  illness  at  ambient  tem¬ 
peratures  and  exercise  intensities  that  would  nor¬ 
mally  be  tolerated  (Kark  et  al.,  1996;  Epstein  et  al., 
1999;  Gardner  and  Kark,  2001),  commonly  report 
feeling  ill  in  the  days  preceding  exertional  heat  ill¬ 
ness  (Shibolet  et  al.,  1967;  Epstein  et  al.,  1999),  and 
frequently  report  prior  day  exposure  to  heat  (Kark 
et  al.,  1996).  It  thus  seems  plausible  that  some 
precedent  pro-inflammatory  exposure  (previous 
heat  injury  or  viral  illness)  could  make  a  person 
more  susceptible  to  exertional  heat  illness  during  a 
subsequent  unremarkable  exercise-heat  exposure. 
The  initial  exposure  might  act  to  augment  the 


hyperthermia  of  exercise,  make  tissue  more  sus¬ 
ceptible  to  injury  for  a  given  heat  stress,  or  both. 

That  interferons  could  provide  such  a  first  hit 
stimulus  is  supported  by  a  case  series  in  which 
circulating  levels  of  interferon  gamma  were  meas¬ 
ured  in  patients  who  presented  to  the  emergency 
department  with  heat  stroke  (Bouchama  et  al., 
1993).  Of  10  patients  for  which  interferon  levels 
were  available,  half  .showed  elevated  levels  of  cir¬ 
culating  interferon  gamma  that  generally  dimin¬ 
ished  after  treatment.  As  noted  (previous  section), 
increased  expression  of  interferons  alpha  and 
gamma  are  not  generally  considered  a  normal  fea¬ 
ture  of  acute  physical  exercise.  Thus,  the  observa¬ 
tion  of  increases  in  circulating  interferon  gamma  in 
heat  stroke  suggests  that,  at  least  in  some  cases  of 
human  heat  illness,  interferons  might  play  a  role  in 
the  pathophysiology  of  the  disease.  Although  the 
observational  data  cannot  distinguish  between  a 
causal  role  for  interferon  gamma  and  the  pos.si- 
bility  that  it  is  merely  a  consequence  of  heat  illness, 
when  coupled  with  the  observed  responses  of 
animal  cells  in  vitro,  it  seems  at  least  plausible  to 
suggest  that  a  pre-existing  stressor  that  increases 
circulating  levels  of  interferon  gamma  (or  alpha) 
might  presensitize  cells  and  tissues  to  heat  stress  in 
a  manner  that  produces  morbidity  under  heat 
loads  that  might  otherwi.se  be  well  tolerated. 
Further  observational  and  experimental  works 
are  needed  to  test  this  hypothesis. 

Finally,  in  addition  to  increases  in  the  expres¬ 
sion  of  genes  that  respond  to  inflammatory  medi¬ 
ators,  the  Marine  Corps  recruit  study  identified  a 
component  of  altered  T-  and  NK-cell  gene  expres¬ 
sion  in  subjects  with  EIll.  This  finding  suggests 
that  EH  I  may  involve  protein-driven  changes  that 
involve  cellular  immunity.  Understanding  the  in¬ 
tersection  between  thermal  stress  and  immune 
function  may  thus  expand  and  redirect  our  think¬ 
ing  about  thermal  biology. 


Summary 

Gene  expression  signature  data  to  date  shows  that 
EHI  produces  time-dependent  changes  in  expres¬ 
sion  that  are  easily  detectable  in  PBMCs.  These 
changes  can  be  dissected  into  component  parts 
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that  include  effects  resulting  for  thermal  stress, 
exercise,  and  those  that  likely  reflect  alterations  in 
immune  function.  Cross-platform  comparisons 
such  as  those  outlined  in  this  chapter  have  signifi¬ 
cant  limitations  that  do  not  prevent  the  identifica¬ 
tion  of  major  component  responses,  but  do  limit 
the  confidence  with  which  many  individual  se¬ 
quences  can  be  implicated. 

Exertional  heat  illne.sses  occur  when  heat  load 
exceeds  heat  dissipation  beyond  the  point  that  the 
individual  can  physiologically  tolerate.  Thermal 
biology  research  cannot  alter  that  fact  that  every 
individual  has  a  heat  load  at  which  function  is  no 
longer  possible.  It  can,  however,  define  the  mecha¬ 
nisms  that  allow  for  more  efficient  heat  dissipation, 
those  that  allow  more  effective  adaptation  to  a  given 
heat  load,  and  those  that  alter  the  point  at  which  an 
individual  becomes  sick.  Conceptually,  cellular  re¬ 
sponses  to  a  heat  load  can  be  dichotomized  into 
survival  and  adaptation,  which  typically  pennit  con¬ 
tinued  effective  function  at  a  new  (and  higher)  ther¬ 
mal  steady  state,  and  dysfunction,  which  tend 
toward  cell  death  (by  apoptosis  if  possible,  necrosis 
if  not).  The  factors  that  determine  which  pathways 
will  predominate  and  the  mediators  on  which  they 
depend  are  now  being  elucidated,  in  part  by  com¬ 
parison  of  pathway-specific  components  of  gene  ex¬ 
pression  signature  and  associations  with  the  clinical 
and  biochemical  profiles  of  heat  related  injury. 

.4cknowlcdgmcnts  and  disclaimer 

The  views,  opinions,  and/or  findings  contained  in 
this  report  are  those  of  the  authors  and  should  not 
be  construed  as  an  official  Department  of  the 
Army  position,  or  decision,  unless  so  designated 
by  other  official  documentation.  Approved  for 
public  release;  distribution  unlimited. 

The  authors  wish  to  thank  Ms.  Pamela  M. 
Paradee  and  SPC  Erik  B.  Lloyd  for  bibliographic 
assistance.  We  also  wish  to  thank  Derek  Zieker, 
Elvira  Fehrenbach,  and  Jeffrey  Hasday  for  their 
review  and  comments. 

This  work  was  funded  in  part  by  NIH  grants 
ROl  HL-080073  and  HL  072114  and  funding  by 
the  Department  of  Army  Medical  Research  and 
Material  Command. 


References 

Abcllo,  P.A.  and  Buchman.  T.G.  (1994)  Heat  shock-induced 
cell  death  in  murine  microvascular  endothelial  cells  depends 
on  priming  with  tumor  necrosis  factor-alpha  or  interferon- 
gamma.  Shock.  2:  320-323. 

Becre,  H.M.  (2004)  "The  stress  of  dying”:  the  role  of  heat  shock 
proteins  in  the  regulation  of  apoptosis.  J.  Cell.  Sci.,  117: 
2641  2651. 

Bickel.  C.S.,  Slade,  J.,  Mahoney,  E.,  Haddad,  F.,  Dudley,  f  j.A. 
and  Adams,  G.R.  (2005)  Time  course  of  molecular  responses 
of  human  skeletal  muscle  to  acute  bouts  of  resistance  exer¬ 
cise.  J.  Appl.  Physiol.,  98:  482-488. 

Bond.  U.  (1988)  Heat  shock  but  not  other  stress  inducers  leads 
to  the  disruption  of  a  sub-set  of  snRNPs  and  inhibition  of  in 
vitro  splicing  in  HeLa  cells.  EMBO  J..  7:  3509-3518. 

Bouchama,  A.,  Roberts.  G.,  A1  Mohanna,  F..  El  Sayed.  R.,  Each, 
B..  Chollet-Martin,  S.,  Ollivicr,  V.,  Al  Baradei.  R..  I.oualich, 
A.,  Nakecb,  S.,  Eldali,  A.  and  de  Prost.  D.  (2005)  Inflamma¬ 
tory,  hemostatic,  and  clinic-al  changes  in  a  baboon  experimental 
model  for  heatstroke.  J.  Appl.  Physiol..  98:  697-705. 

Bouchama,  A.,  al  Sedairy,  S.,  Siddiqui,  S..  Shail,  E.  and  Rezeig, 
M.  (1993)  Elevated  pyrogenic  cytokines  in  heatstroke.  Chest, 
104:  1498-1502. 

Buchman,  T.G.,  Abello.  P.A.,  Smith.  E.H.  and  Bulkley,  G.B. 
(1993)  Induction  of  heat  shock  response  leads  to  apoptosis  in 
endothelial  cells  previously  exposed  to  endotoxin.  Am.  J. 
Physiol.,  265:  H165-H170. 

Bull,  T.M.,  Coldren.  C.D.,  Moore,  M..  Sotto-Santiago,  S.M.. 
Pham.  D.V.,  Nana-Sinkam,  S.P.,  Voclkcl,  N.F.  and  Geraci, 
M.W.  (2004)  Gene  microarray  analysis  of  peripheral  blood 
cells  in  pulmonary  arterial  hypertension.  Am.  J.  Respir.  Crit. 
Care  Med.,  170:  911-919. 

Buyse.  M..  Charrier,  L.,  Sitaraman.  S.,  Gewirtz.  A.  and  Merlin, 
D.  (2003)  Interferon-gamma  increases  hPepT  I -mediated  up¬ 
take  of  di-tripeptides  including  the  bacterial  tripeptide  fMLP 
in  polarized  intestinal  epithelia.  Am.  J.  Pathol.,  163: 
1969-1977. 

Connolly.  P.H.,  Caiozzo,  V.J.,  Zaldivar,  F.,  Nemet,  D..  Larson, 
J.,  Hung,  S.P.,  Heck.  J.D.,  Hatfield,  G.W.  and  Cooper,  D.M. 
(2004)  Effects  of  exercise  on  gene  expression  in  human  pe¬ 
ripheral  blood  mononuclear  cells.  J.  Appl.  Physiol.,  97: 
1461-1469. 

Creagh,  E.M.,  Sheehan.  D.  and  Cotter,  T.G.  (2000)  Heat  shock 
proteins:  modulators  of  apoptosis  in  tumour  cells.  Leukemia, 
14:  1161-1173. 

Curry,  H.A.,  Clemens.  R.A.,  Shah,  S.,  Bradbury,  C.M.,  Botero, 
A.,  Goswami,  P.  and  Gius,  D.  (1999)  Heat  shtKk  inhibits 
radiation-induced  activation  of  NF-kappaB  via  inhibition  of 
I-kappaB  kinase.  J.  Biol.  Chem.,  274:  23061-23067. 

DeMeester,  S.L..  Buchman,  T.G.  and  Cobb,  J.P.  (2001)  The 
heat  shock  paradox:  does  NF-kappaB  determine  cell  fate? 
FASEB  J.,  15:  270  274. 

Devitt,  A..  Moffatt,  O.D.,  Raykundalia,  C.,  Capra.  J.D., 
Simmons,  D.L.  and  Gregory.  C.D.  (1998)  Human  CDI4 
mediates  recognition  and  phagocytosis  of  apoptotic  cells. 
Nature,  392:  505-509. 


344 


Dinh,  H.K.,  Zhao,  B.,  Schuschereba.  S.T.,  Merrill,  G.  and 
Bowman.  P.D.  (2001)  Gene  expression  profiling  of  the  re¬ 
sponse  to  thermal  injury  in  human  cells.  Physiol.  Genom.,  7; 
3  13. 

Dorion,  S.  and  Landry,  J.  (2002)  Activation  of  the  mitogen- 
activated  protein  kinase  pathways  by  heat  shock.  Cell  Stress 
Chaperones,  7:  200-206. 

Dubois.  M.F.  and  Bensaude,  O.  (1993)  MAP  kinase  activation 
during  heat  shock  in  quiescent  and  exponentially  growing 
mammalian  cells.  FEBS  Lett.,  324:  191  195. 

Epstein,  Y.,  Moran,  D.S.,  Shapiro,  Y.,  Sohar,  E.  and  Shemer,  J. 
(1999)  Exertional  heat  stroke:  a  case  series.  Med.  Sci.  Sports 
Exerc..  31:  224  228. 

F’ehrenbach,  E.,  Niess,  A.M..  Schlot/.,  E.,  Passek,  F.,  Dickhuth, 
H.FI.  and  Northoff,  H.  (2()0()a)  Transcriptional  and  transla¬ 
tional  regulation  of  heat  shock  proteins  in  leukocytes  of  en¬ 
durance  runners.  J.  Appl.  Physiol.,  89:  704  710. 

Fehrcnbach,  E.,  Niess.  A.M,.  Veith.  R.,  Dickhuth.  FI.H.  and 
Northoff.  H.  (2(X)1)  Changes  of  HSP72-expression  in  le¬ 
ukocytes  arc  associated  with  adaptation  to  exercise  under 
conditions  of  high  environmental  temperature.  J.  Lcukoc. 
Biol.,  69:  747-754. 

Fehrenbach.  E.,  Passek,  F.,  Niess,  A.M..  Pohla.  FI.,  Weinstock, 
C.,  Dickhuth.  FI.H.  and  Northoff,  H.  (2000b)  HSP  expres¬ 
sion  in  human  leukocytes  is  modulated  by  endurance  exer¬ 
cise.  Med.  Sci.  Sports  Exerc.,  32:  592  600. 

Findly,  R.C..  Gillies.  R.J.  and  Shulman,  R.G.  (1983)  In  vivo 
pho.sphorus-3 1  nuclear  magnetic  resonance  reveals  lowered 
ATP  during  heal  shock  of  Tetrahymcna.  Science.  219: 
1223-1225. 

Fluck,  M.  and  Hoppeler,  H.  (2003)  Molecular  basis  of  skeletal 
muscle  plasticity:  from  gene  to  form  and  function.  Rev. 
Phy.siol.  Biochem.  Pharmacol..  146:  159-216. 

Fruth,  J.M.  and  Gisolfi,  C.V.  (1983)  Work-heat  tolerance  in 
endurance-trained  rats.  J.  Appl.  Physiol.,  54:  249-253. 

Gaffin,  S.L.,  Koratich,  M.  and  Hubbard,  R.W.  (1997)  The 
effect  of  hyperthermia  on  intracellular  sodium  concentrations 
of  isolated  human  cells.  Ann.  N.Y.  Acad.  Sci.,  813:  637-639. 

Gardner,  J.W.  and  Kark,  J.A.  (2001)  Clinical  diagnosis,  man¬ 
agement.  and  surveillance  of  exertional  heat  illness.  In:  Pan- 
dolf  K.B.  and  Burr  R.E.  (Eds.),  Medical  Aspects  of  Harsh 
Environments,  Vol.  1.  Office  of  the  Surgeon  General.  De¬ 
partment  of  the  Army,  USA/Borden  Institute.  Washington. 
DC,  pp.  231-279. 

Georgopoulos,  C.  and  Welch,  W.J.  (1993)  Role  of  the  major 
heat  shock  proteins  as  molecular  chaperones.  Ann.  Rev.  Cell 
Biol.,  9:  601  634. 

Goldspink.  G.  (2003)  Gene  expression  in  muscle  in  response  to 
exercise.  J.  Muscle  Res.  Cell.  Molil.,  24:  121-126. 

Gupta,  D.,  Kirkland,  T.N.,  Viriyakosol,  S.  and  Dziarski,  R. 
(1996)  CD  1 4  is  a  cell-activating  receptor  for  bacterial  pep- 
tidoglycan.  J.  Biol.  Chem.,  271:  233I(F  23316. 

Hall.  D.M.,  Bueltner.  G.R.,  Oberley,  L.W.,  Xu,  L.,  Matthes, 
R.D.  and  Gisolfi,  C.V.  (2(X)1)  Mechanisms  of  circulatory  and 
intestinal  barrier  dysfunction  during  whole  body  hyper¬ 
thermia.  Am.  J.  Physiol.  Heart  Circ.  Physiol.,  280: 
H509  H52L 


Han.  S.L.  Ha,  K.S.,  Kang.  K.L,  Kim.  H.D.  and  Kang,  H.S. 
(2000)  Heat  shock-induced  actin  polymeriz.alion,  SAPK/JNK 
activation,  and  heat-shock  protein  expression  are  mediated 
by  genistein-sensitive  tyrosine  kinase(s)  in  K562  cells.  Cell 
Biol.  Int.,  24:  447^57. 

Han,  S.L.  Oh.  S.Y.,  Woo,  S.H.,  Kim.  K.H.,  Kim.  J.H.,  Kim. 
H.D.  and  Kang,  H.S.  (2001)  Implication  of  a  small  GTPase 
Racl  in  the  activation  of  c-Jun  N-terminal  kinase  and  heat 
shock  factor  in  response  to  heat  shock.  J.  Biol.  Chem.,  276: 
1889-1895. 

Hasday,  J.D.  and  Singh,  I.S.  (2000)  Fever  and  the  heat  shock 
response:  distinct,  partially  overlapping  processes.  Cell  Stress 
Chaperones,  5:  471-480. 

Helmbrecht.  K.,  Zeise,  E.  and  Rensing,  L.  (2000)  Chaperones  in 
cell  cycle  regulation  and  mitogenic  signal  transduction:  a  re¬ 
view.  Cell  Prolif.,  33:  341  365. 

Jozsi.  A.C.,  Dupont-Versteegden.  E.E.,  Taylor-Jones,  J.M., 
Evans,  W.J.,  Trappe,  T.A.,  Campbell,  W.W.  and  Peterson. 
C.A.  (2000)  Aged  human  muscle  demonstrates  an  altered 
gene  expression  profile  consistent  with  an  impaired  response 
to  exercise.  Mech.  Ageing  Dev.,  120:  45  56. 

Kark,  J.A.,  Burr.  P.Q..  Wenger,  C.B..  Gastaldo.  E.  and 
Gardner,  J.W.  (1996)  Exertional  heat  illness  in  Marine  Corps 
recruit  training.  Aviat.  Space  Environ.  Med.,  67:  354  360. 

Katschinski.  D.M.  (2004)  On  heat  and  cells  and  proteins.  News 
Physiol.  Sci.,  19:  1 1-15. 

Koratich,  M.  and  Gafiin,  S.L.  (1999)  Mechanisms  of  calcium 
transport  in  human  endothelial  cells  subjected  to  hyper¬ 
thermia.  J.  Therm.  Biol..  24:  245  249. 

Kregel.  K.C.  (2002)  Heal  shock  proteins:  modifying  factors  in 
physiological  stress  responses  and  acquired  thermotolcrance. 
J.  Appl.  Physiol.,  92:  2177-2186. 

Kuhl.  N.M.  and  Rensing.  L.  (2000)  Heat  shock  elTects  on  cell 
cycle  progression.  Cell  Mol.  Life  Sci.,  57:  450  463. 

Lambert.  G.P.  (2004)  Role  of  gastrointestinal  permeability  in 
exertional  heatstroke.  Exerc.  Sport.  Sci.  Rev.,  32:  185  190. 

Lambert,  G.P.,  Gisolfi,  C.V.,  Berg.  D.J..  Moseley.  P.L., 
Oberley,  L.W,  and  Kregel.  K.C.  (2002)  Selected  contribu¬ 
tion:  hyperthermia-induced  intestinal  permeability  and  the 
role  of  oxidative  a.id  nitrosative  stress.  J.  Appl.  Physiol.,  92: 
1750  1761. 

Leon,  L.R.,  Blaha,  M.D.  and  DuBose.  D.A.  (2006)  Time  course 
of  cytokine,  corticosterone,  and  tissue  injury  responses  in 
mice  during  heat  strain  recovery.  J.  Appl.  Physiol.,  100: 
1400-1409. 

Leon,  L.R..  DuBose,  D.A.  and  Mason,  C.W.  (2(X)5)  Heat  stress 
induces  a  biphasic  thermoregulatory  response  in  mice.  Am.  J. 
Physiol.  Regul.  Integr.  Comp.  Physiol.,  288:  R197-R204. 

Lindquist.  S.  (1986)  The  heat-shock  response.  Ann.  Rev.  Bioc¬ 
hem..  55:  1151-1191. 

Mahoney,  D.J.,  Carey,  K.,  Fu.  M.H.,  Snow,  R.,  Cameron- 
Smilh,  D..  Parise.  G.  and  Tarnopolsky,  M.A.  (2004) 
Real-time  RT-PCR  analysis  of  housekeeping  genes  in 
human  skeletal  muscle  following  acute  exercise.  Physiol. 
Genom..  18:  226-231. 

Mahoney.  D.J.,  Parise,  G..  Mclov,  S.,  Safdar,  A.  and  Tarno¬ 
polsky,  M.A.  (2005)  Analysis  of  global  mRNA  expression  in 


345 


human  skeletal  muscle  during  recovery  from  endurance 
exercise.  FASEB  J..  19:  1498  1500. 

Malhotra.  V.  and  Wong,  H.R.  (2002)  Interactions  between  the 
heat  shock  response  and  the  nuclear  factor-kappa  B  signaling 
pathway.  Crit.  Care  Med.,  30:  S89-S95. 

Mathew,  A.  and  Morimoto,  R.l.  (1998)  Role  of  the  heat-shock 
response  in  the  life  and  death  of  proteins.  Ann.  N.Y.  Acad. 
Sci.,  851:  99-111. 

Montain.  S.J.,  Latzka,  W.A.  and  Sawka.  M.N.  (20(X))  Impact 
of  muscle  injury  and  accompanying  inflammatory  response 
on  thermoregulation  during  exercise  in  the  heat.  J.  Appl. 
Physiol.,  89:  1123  1130. 

Morimoto,  R.l.  (1998)  Regulation  of  the  heat  shock  transcrip¬ 
tional  response:  cross  talk  between  a  family  of  heat  shock 
factors,  molecular  chaperones,  and  negative  regulators. 
Genes  Dev..  12:  3788  3796. 

Moseley,  P.L.  (1997)  Heat  shock  proteins  and  heat  adaptation 
of  the  whole  organism.  J.  Appl.  Physiol.,  83:  1413  1417. 

Obata,  T.,  Brown,  G.E.  and  Yaffe,  M  B.  (2()(X))  MAP  kinase 
pathways  activated  by  stress:  the  p38  MAPK  pathw'ay.  Crit. 
Care  Med.,  28:  N67-N77. 

Otterbein,  L.E.  and  Choi,  A.M.  (2000)  Heme  oxygenase:  colors 
of  defense  against  cellular  stress.  Am.  J.  Physiol.  Lung  Cell. 
Mol.  Physiol..  279:  L1029-L1037. 

Panniers,  R.  (1994)  Translational  control  during  heat  shock. 
Biochimie,  76:  737-747. 

Parag,  H.A.,  Raboy.  B.  and  Kulka.  R.G.  (1987)  Effect  of  heat 
shock  on  protein  degradation  in  mammalian  cells:  involve¬ 
ment  of  the  ubiquitin  .system.  EMBO  ,1.,  6:  55  61. 

Park.  H.G.,  Han,  S.I.,  Oh,  S.Y.  and  Kang,  H.S.  (2005)  Cellu¬ 
lar  responses  to  mild  heat  .stress.  Cell  Mol.  Life  Sci..  62: 
10  23. 

Parsell,  O.A.  and  Lindquist,  S.  (1993)  The  function  of  heat- 
shock  proteins  in  stress  tolerance:  degradation  and  reactiva¬ 
tion  of  damaged  proteins.  Ann.  Rev.  Genet.,  27:  437  496. 

Petersen.  A.M.  and  Pedersen.  B.K.  (2005)  The  anti-inflamma¬ 
tory  effect  of  exercise.  J.  Appl.  Physiol.,  98:  1154-1 162. 

Pirkkala,  L.,  Nykanen.  P.  and  Sistonen.  L.  (2001)  Roles  of  the 
heat  shock  transcription  factors  in  regulation  of  the  heat 
shock  response  and  beyond.  FASEB  J.,  15:  1118  1 131. 

Pritts,  T.A.,  Wang,  Q.,  Sun.  X..  Moon,  M.R.,  Fischer,  D.R., 
Fischer,  J.E..  Wong,  H.R.  and  Hasselgren,  P.O.  (2000)  In¬ 
duction  of  the  stress  response  in  vivo  decreases  nuclear  fac¬ 
tor-kappa  B  activity  in  jejunal  mucosa  of  endotoxemic  mice. 
Arch.  Surg.,  135:  860  866. 

Punyiezki,  M.  and  Fesus,  L.  (1998)  Heat  shock  and  apoptosis. 
The  two  defense  systems  of  the  organism  may  have  overlap¬ 
ping  molecular  elements.  Ann  N.Y.  Acad.  Sci.,  851:  67-74. 

Ryan,  A.J.,  Gisolfi,  C.V.  and  Moseley,  P.L.  (1991)  Synthesis  of 
70  K  stress  protein  by  human  leukocytes:  elTect  of  exerci.se  in 
the  heat.  J.  Appl.  Physiol.,  70:  466  471. 

Sawka,  M.N.  and  Pandolf,  K.B.  (2001)  Physical  exercise  in  hot 
climates:  Physiology,  performance,  and  biomedical  issues.  In: 
Pandolf  K.B.  and  Burr  R.E.  (Eds.).  Medical  Aspects  of 
Harsh  Environments,  Vol.  1,  Office  of  the  Surgeon  General. 
Department  of  the  Army,  USA/Borden  Institute,  Washing¬ 
ton,  DC.  pp.  87-133. 


Sawka,  M.N.,  Wenger,  C.B.  and  Pandolf,  K.B.  (1996)  Thermo¬ 
regulatory  responses  to  acute  exercise:  heat  stress  and  heat 
acclimation.  In:  Blatteis  C.M.  and  Fregley  M.J.  (Eds.). 
Handbook  of  Physiology.  Section  4:  Environmental  Physi¬ 
ology.  Oxford  University  Press  for  the  American  Physiolog¬ 
ical  Society,  New  York.  NY,  pp.  157-186. 

Scarim.  A.L.,  Heitmeier,  M.R.  and  Corhett,  J.A.  (1998)  Heat 
shock  inhibits  cytokine-induced  nitric  oxide  synthase  expres¬ 
sion  by  rat  and  human  islets.  Endocrinology,  139:  5050-5057. 

Schneider,  E.M.,  Niess.  A.M.,  Lorenz,  L,  Northoff,  H.  and  Fe- 
hrenbach.  E.  (2002)  Inducible  hsp70  expression  analysis  after 
heat  and  physical  exercise:  transcriptional,  protein  expression, 
and  subcellular  localization.  Ann.  N.Y.  Acad.  Sci.,  973:  8- 12. 

Shanley,  T.P.,  Ryan,  M.A.,  Eavcs-Pylcs.  T.  and  Wong,  H.R. 
(2000)  Heat  shock  inhibits  phosphorylation  of  I-kappaBal- 
pha.  Shock,  14:  447  450. 

Sharma,  H.S.  (2006)  Hyperthermia  influences  excitatory  and 
inhibitory  amino  acid  neurotransmitters  in  the  central  nerv¬ 
ous  system.  An  experimental  study  in  the  rat  using  behav¬ 
ioural,  biochemical,  pharmacological,  and  morphological 
approaches.  J.  Neural  Transm.,  1 13:  497-519. 

Shibolet,  S.,  Coll.  R.,  Gilat,  T.  and  Sohar,  E.  (1967)  Heatstroke: 
its  clinical  picture  and  mechanism  in  36  cases.  Q.  J.  Med.,  36: 
525  548. 

Shibolet,  S.,  Lancaster,  M.C.  and  Danon,  Y.  (1976)  Heat 
stroke:  a  review.  Aviat.  Space  Environ.  Med.,  47:  280-301. 

Skrandics,  S.,  Bremer,  B.,  Pilatus.  U.,  Mayer,  A..  Neuhaus- 
Steinmetz,  U.  and  Rensing.  L.  (1997)  Heat  shock-  and 
ethanol-induced  ionic  changes  in  C6  rat  glioma  cells  deter¬ 
mined  by  NMR  and  fluorescence  spectro.scopy.  Brain  Res., 
746:  220  230. 

Sonna,  L.A.,  Cullivan.  M.L.,  Sheldon.  H.K.,  Pratt.  R.E.  and 
Lilly,  C.M.  (2(X)3)  Effect  of  hypoxia  on  gene  expression  by 
human  hepatocytes  (HepG2).  Physiol.  Genom.,  12:  195  207. 

Sonna,  L.A.,  Fujita,  J.,  Gaflfin,  S.L.  and  Lilly,  C.M.  (2002a) 
Invited  review:  effects  of  heat  and  cold  stress  on  mammalian 
gene  expression.  J.  Appl.  Physiol.,  92:  1725  1742. 

Sonna,  L.A.,  Gaffin,  S.L.,  Pratt.  R.E.,  Cullivan,  M.L.,  Angel. 
K.C.  and  Lilly,  C.M.  (2002b)  ElTect  of  acute  heat  shock  on 
gene  expression  by  human  peripheral  blood  mononuclear 
cells.  J.  Appl.  Physiol.,  92:  2208-2220. 

Sonna,  L.A.,  Wenger.  C.B.,  Flinn.  S.,  Sheldon.  H.K.,  Sawka, 
M.N.  and  Lilly,  C.M.  (2004)  Exertional  heat  injury  and  gene 
expression  changes:  a  DNA  microarray  analysis  study.  J. 
Appl.  Physiol.,  96:  1943-1953. 

Suzuki.  K.,  Nakaji.  S.,  Yamada,  M.,  Totsuka.  M.,  Sato,  K.  and 
Sugawara.  K.  (2002)  Systemic  inflammatory  response  to 
exhaustive  exercise.  Cytokine  kinetics.  Exerc.  Immunol.  Rev., 
8:  6^8. 

Suzuki,  K.,  Yamada,  M.,  Kurakakc,  S.,  Okamura,  N., 
Yamaya,  K.,  Liu,  Q.,  Kudoh.  S.,  Kowatari,  K.,  Nakaji,  S. 
and  Sugawara.  K.  (2000)  Circulating  cytokines  and 
hormones  with  immunosuppressive  but  neutrophil-priming 
potentials  rise  after  endurance  exercise  in  humans.  Eur.  J. 
Appl.  Physiol..  81:  281-287. 

Weitzel,  G..  Pilatus,  U.  and  Rensing,  L.  (1987)  The  cytoplasmic 
pH,  ATP  content  and  total  protein  synthesis  rate  during 


346 


heal-shock  protein  inducing  treatments  in  yeast.  Exp.  Cell. 
Res.,  170;  64  79. 

Wennborg,  A.,  Classon.  M.,  Klein,  G.  and  von  Gabain,  A. 
(1995)  Downregulation  of  c-myc  expression  after  heat  shock 
in  human  B-cell  lines  is  independent  of  5'  raRNA  sequences. 
Biol.  Chem.  Hoppe-Seyler,  376:  671  -680. 

Wong,  H.R.,  Ryan,  M.A.,  Mcnende/,  l.Y.  and  Wispe,  J.R. 
(1999)  Heat  shock  activates  the  l-kappaBalpha  promoter  and 
increases  I-kappaBalpha  mRNA  expression.  Cell  Stress 
Chaperones,  4;  1-7. 

Wong,  H.R.,  Ryan,  M.  and  Wispe,  J.R.  (1997)  The  heat  shock 
response  inhibits  inducible  nitric  oxide  synthase  gene  expres¬ 
sion  by  blocking  I  kappa-B  degradation  and  NF-kappa  B 
nuclear  translocation.  Biochem.  Biophys.  Res.  Commun., 
231:  257-263. 

Xu,  C,,  F'racella,  F.,  Richter-Landsberg,  C.  and  Reusing,  L. 
(1997)  Stress  response  of  lysosomal  cysteine  proteinases  in  rat 


C6  glioma  cells.  Comp.  Biochem.  Physiol.  B  Biochem.  Mol. 
Biol.,  117:  169-178. 

Yoo,  C.G.,  Lee,  S.,  Lee,  C.T.,  Kim,  Y.W.,  Han,  S.K.  and 
Shim,  Y.S.  (2000)  Anti-inflammatory  effect  of  heat  shock 
protein  induction  is  related  to  stabilization  of  1  kappa 
B  alpha  through  preventing  1  kappa  B  kinase  activa¬ 
tion  in  respiratory  epithelial  cells.  J.  Immunol.,  164: 
5416  5423. 

Yost,  H.J.  and  Lindquist,  S.  (1991)  Heat  shtx:k  proteins  affect 
RNA  processing  during  the  heal  shock  response  of  Sac- 
charomyces  cerevisiae.  Mol.  Cell.  Biol.,  11:  1062-1068. 

Zieker,  D.,  F'ehrenbach,  E.,  Dietzsch,  J.,  Fliegner,  J.,  Weid- 
mann,  M.,  Nieselt,  K.,  Gebicke-Haerter,  P.,  Spanagel,  R.. 
Simon,  P.,  Niess,  A.M.  and  Northoff,  H.  (2005)  cDNA-mi- 
croarray  analysis  reveals  novel  candidate  genes  expressed  in 
human  peripheral  blood  following  exhaustive  exercise. 
Physiol.  Genom.,  23:  287-294. 


